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ABSTRACT 
A mathemat ical  model o f  f ixed-bed a d s o r p t i o n  was used t o  p r e d i c t  t h e  
bed response  t o  a s u s t a i n e d  s t e p  change i n  i n f l u e n t  c o n c e n t r a t i o n .  The model 
was employed t o  compare t h e  performance o f  d i f f e r e n t  a d s o r b e n t s  i n  t h e  removal 
o f  o r g a n i c s  from w a t e r  and t o  a n a l y z e  f a c t o r s  t h a t  a f f e c t  d e s o r p t i o n  owing t o  
a  d e c r e a s e  i n  i n f l u e n t  c o n c e n t r a t i o n  and t o  c o m p e t i t i v e  a d s o r p t i o n .  Model 
e q u a t i o n s ,  which c o n s i d e r e d  t h a t  f i l m  t r a n s f e r  and s u r f a c e  d i f f u s i o n  c o n t r o l l e d  
t h e  a d s o r p t i o n  r a t e ,  were s o l v e d  w i t h  t h e  t e c h n i q u e  o f  o r t h o g o n a l  c o l l o c a t i o n .  
Three  s p e c i e s ,  3,5-dimethylphenol (DMP), 3 ,5-dichlorophenol  (DCP) and rhodamine 
6G (R6G), were t h e  s i n g l e  s o l u t e s  s t u d i e d ,  and t h e  two phenols  were  a l s o  
examined as a mixture .  Four a c t i v a t e d  ca rbons  and a  c o a l  g a s i f i c a t i o n  c h a r  
were t h e  a d s o r b e n t s  s t u d i e d .  The model was used t o  compare t h e  a d s o r b e n t s  i n  . 
t h e  removal o f  DMP, R6G and t h e  b i s o l u t e  m i x t u r e s  and e q u i l i b r i u m  c a p a c i t y  was 
found t o  have a g r e a t e r  i n f l u e n c e  t h a n  k i n e t i c s  on fixed-bed performance.  It 
was observed t h a t ,  under c o n d i t i o n s  approximat ing a d r i n k i n g  w a t e r  p l a n t ,  t h e  
t i m e  d u r i n g  which t h e  e f f l u e n t  c o n c e n t r a t i o n  of a desorbed s p e c i e s  was h i g h e r  
t h a n  t h e  i n f l u e n t  c o n c e n t r a t i o n  was s i g n i f i c a n t  (on t h e  o r d e r  o f  weeks) whether  
a reduced i n f l u e n t  c o n c e n t r a t i o n  o r  compet i t ion  was r e s p o n s i b l e  f o r  t h e  
d e s o r p  t i o n .  
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1. INTRODUCTION 
1.1 Background and  S t a t e m e n t  o f  Problem 
Granu la r  a c t i v a t e d  ca rbon  (GAC) a d s o r p t i o n  sys t ems  
can  e f f e c t i v e l y  r e d u c e  t h e  c o n c e n t r a t i o n  o f  many d i s s o l v e d  
o r g a n i c  compounds i n  w a t e r s  and  w a s t e w a t e r s .  Water t r e a t -  
lnent p l a n t s  i n  ! Jes t  Germany f o r  some t i m e  now have  been  
u s i n g  GAC f o r  t h e  r e d u c t i o n  o f  o r g a n i c s  t h a t  a r e  p o s s i b l e  
h a z a r d s  t o  human h e a l t h  (McCreary and Snoeyink ,  1 9 7 7 ) .  GAC 
i s  p r e s e n t l y  employed, mos t ly  f o r  odor  c o n t r o l ,  i n  a b o u t  65  
d r i n k i n g  water p l a n t s  i n  t h e  Un i t ed  S t a t e s  (Robeck, 1975)  , 
b u t  i t s  u s e  may d r a m a t i c a l l y  r ise due t o  t h e  conce rn  - 
f o r  p o t e n t i a l l y  ha rmfu l  t r a c e  o r g a n i c s  i n  d r i n k i n g  w a t e r .  
F o r  w a s t e w a t e r s  GAC a d s o r p t i o n  can  b e  a  c e n t r a l  p a r t  
o f  a  p h y s i c a l - c h e m i c a l  t r e a t m e n t  scheme, o r  it can  f o l l o w  
b i o l o g i c a l  t r e a t m e n t .  T h i s  l a t t e r  a p p l i c a t i o n  i s  r e f e r r e d  
t o  a s  advanced o r  t e r t i a r y  t r e a t m e n t .  Appa ren t ly  t h e r e  a r e  
o n l y  a b o u t  s even  f u l l - s c a l e  p l a n t s  worldwide u s i n g  GAC on 
m u n i c i p a l  was t ewa te r  (Culp e t  a l . ,  1 9 7 8 ) .  I n  t h e  U.S. t h e  
number o f  i n d u s t r i a l  w a s t e  t r e a t m e n t  p l a n t s  w i t h  GAC exceeds  
60; t h e  ca rbon  i s  used  f o r  g e n e r a l  o r g a n i c s  r e d u c t i o n  
and /o r  f o r  t h e  removal o f  s p e c i f i c  o r g a n i c s  such  a s  p h e n o l s ,  
d y e s ,  and p e s t i c i d e s  (Lyman, 1 9 7 8 ) .  
The e v a l u a t i o n  o f  a c t i v a t e d  c a r b o n s  f o r  a  s p e c i f i c  
a p p l i c a t i o n  and t h e  d e s i g n  of  a  s u b s e q u e n t  a d s o r p t i o n  s y s t e m  
can  be e x p e n s i v e ,  t i m e  consuming, and dependent  on v a l u e  
judgments. A s  n o t e d  by s e v e r a l  a u t h o r s  (Mat t son  
and Kennedy, 1971;  S y l v i a  e t  a l . ,  1977; Thacker  
and Snoeyink,  1 9 7 8 ) ,  improved p r o c e d u r e s  need t o  
b e  deve loped  f o r  t h e  t e c h n i c a l  e v a l u a t i o n  and  s e l e c t i o n  
o f  a c t i v a t e d  ca rbons .  Improved p r o c e d u r e s  a r e  i m p o r t a n t  
s i n c e  t h e  ca rbon  manufac tu re r  needs  t o  p r o p e r l y  t e s t  h i s  
p r o d u c t s  i n  o r d e r  t o  unde r s t and  t h e  e f f e c t s  o f  p r o c e s s  
v a r i a b l e s  and  t o  d e c i d e  which p r o d u c t s  t o  marke t  w h i l e  
t h e  p o t e n t i a l  u s e r  o f  ca rbon  must s e l e c t  among s e v e r a l  
p r o d u c t s  i n  o r d e r  t o  meet t r e a t m e n t  o b j e c t i v e s  a t  t h e  l e a s t  
c o s t  . 
The a d s o r p t i v e  performance o f  a  ca rbon  i s  a  conse- 
quence o f  c a p a c i t y  and k i n e t i c s .  The c o n v e n t i o n a l  approach  
t o  e v a l u a t i n g  t h i s  performance i s  based  on a  two-s tep  
p rocedure  (EPA, 1 9  73; Culp e t  a l .  , 1978) : 
a )  g e n e r a t i o n  o f  e q u i l i b r i u m  i s o t h e r m s ,  
b )  o p e r a t i o n  o f  p i l o t  columns. 
An i s o t h e r m ,  which i s  r e l a t i v e l y  e a s y  t o  p r e p a r e ,  
i n d i c a t e s  t h e  c a p a c i t y  o f  a  carbon f o r  removing o r g a n i c s  from 
a  p a r t i c u l a r  w a t e r  o r  w a s t e  and may be  used  t o  e l i m i n a t e  some 
ca rbons  from f u r t h e r  c o n s i d e r a t i o n .  However, a d s o r p t i o n  
k i n e t i c s ,  which c a n  a f f e c t  g r e a t l y  t h e  e f f i c i e n c y  o f  
carbon u s e ,  i s  i g n o r e d  i n  t h i s  t e s t .  
S y l v i a  e t  a l .  (1977)  have proposed  a  s i m p l e  k i n e t i c  
t e s t  employing a  f low-through mixed r e a c t o r  f o r  carbon 
e v a l u a t i o n  i n  w a t e r  t r e a t m e n t ,  b u t  t h e  t echn ique  r e q u i r e s  
f u r t h e r  t e s t i n g  and may s u f f e r  from some l i m i t a t i o n s  
(Thacker and Snoeyink, 1978) .  Nonetheless ,  a  s imple  s m a l l  
s c a l e  k i n e t i c  t e s t  i s  needed f o r  s c r e e n i n g  carbons.  I f  a  
mathematical  model were p a r t  of  t h i s  t es t ,  t h e  r e s u l t s  could  
be  g e n e r a l i z e d  by o b t a i n i n g  k i n e t i c  c o n s t a n t s  such a s  an 
i n t r a p a r t i c l e  d i f f u s i v i t y  t h a t  should  be f a i r l y  independent  
of  r e a c t o r  c o n d i t i o n s  and type .  A f i n i t e - b a t c h  r e a c t o r  w i t h  
a  s u i t a b l e  model t o  d e s c r i b e  t h i s  sys tem may be such a  
test .  Researchers  have begun t o  use k i n e t i c  models a s  a i d s  
i n  comparing t h e  performance of d i f f e r e n t  adsorben t s  
(Westermark, 1975; Spahn and S c h l i n d e r ,  1975; ~ o l z e l  e t  a l . ,  
1979; van V l i e t  and Weber, 1979; Lee, 1980) .  
With t h e  o p e r a t i o n  of p i l o t  columns, k i n e t i c s ,  i . e . ,  
c o n t a c t  t ime and breakthrough curve  shape ,  can be t a k e n  i n t o  
account .  Carbon performance i s  b e t t e r  determined and des ign  
and o p e r a t i o n a l  c r i t e r i a  may be developed. This  work can 
u n f o r t u n a t e l y  r e q u i r e  a  f a i r  amount of money, t ime ,  and 
e f f o r t .  Mathematical modeling could  be h e l p f u l  i n  t h e  s t a g e s  
of  d e s i g n  and o p e r a t i o n ,  a t  l e a s t  i n  terms of reducing t h e  
amount of r e q u i r e d  exper imenta t ion  and p r o v i d i n g  q u a l i t a t i v e  
answers t o  t h e  i n f l u e n c e  of p rocess  v a r i a b l e s .  A s  examples,  
Nere tn ieks  (19 76a) modeled con t inuous -coun te rcur ren t  
a d s o r p t i o n  and looked a t  t h e  e f f e c t s  o f  i sd the rm shape and 
c o n t a c t  t ime on performance. Westermark (1975) has  d i s c u s s e d ,  
w i t h  t h e  a i d  of mathematical  models,  t h e  d e s i g n  and 
o p t i m i z a t i o n  o f  p e r i o d i c  columns i n  ser ies ,  p e r i o d i c  columns 
i n  p a r a l l e l ,  and c o n t i n u o u s - c o u n t e r c u r r e n t  columns. Using a  
pulsed-bed  (which i s  e q u i v a l e n t  t o  p e r i o d i c  columns i n  
ser ies)  b i s o l u t e  model,  Famularo e t  a l .  ( 1 9  8 0 )  i n v e s t i g a t e d  
t h e  e f f e c t s  o f  c o n t a c t  t i m e  and c o m p e t i t i v e  a d s o r p t i o n  on 
ca rbon  u s e  r a t e .  L i a p i s  and Rippin  (1979) s i m u l a t e d  b i s o l u t e  
a d s o r p t i o n  f o r  s i n g l e  f ixed -bed ,  c o n t i n u o u s - c o u n t e r c u r r e n t ,  
and pe r iod ic -co lumns- in - se r i e s  o p e r a t i o n  and  n o t e d  improved 
ca rbon  usage w i t h  t h e  l a t t e r  two modes o f  o p e r a t i o n .  
Apparent ly  p a r a l l e l - b e d  o p e r a t i o n  f o r  b i s o l u t e  a d s o r p t i o n  h a s  
n o t  been s i m u l a t e d .  
Waters  and was tewa te r s  c o n t a i n  a  myriad of  o r g a n i c  
compounds. The o r g a n i c  c o n t e n t  i s  t y p i c a l l y  measured by a  
g r o s s  pa rame te r  such  a s  t o t a l  o r g a n i c  ca rbon  o r  f l u o r e s c e n c e ,  
a l t h o u g h  a  more s p e c i f i c  group p a r a m e t e r ,  e . g . ,  p h e n o l i c s ,  
may a l s o  b e  u t i l i z e d .  The i n t e r a c t i o n  of  i n d i v i d u a l  compounds 
i n  an  a d s o r b e r  i s  o f  g r e a t  concern .  For  example ,  it i s  
p o s s i b l e  f o r  a  weakly adso rbed  s p e c i e s  t o  b e  d i s p l a c e d  by 
a n o t h e r  s p e c i e s  s o  t h a t  t h e  e f f l u e n t  c o n c e n t r a t i o n  o f  t h e  
deso rbed  s p e c i e s  t e m p o r a r i l y  exceeds  t h e  i n f l u e n t  concen t r a -  
t i o n .  T h i s  phenomenon would more l i k e l y  o c c u r  i f  t h e  weakly 
adsorbed  s p e c i e s  i s  n e a r l y  s a t u r a t e d  t h r o u g h o u t  t h e  e n t i r e  
b e d ,  b u t  such  a  s i t u a t i o n  may o c c u r  i f  a  g r o s s  pa rame te r  i s  
used  t o  mon i to r  t h e  e f f l u e n t .  The model ing of c o m p e t i t i v e  
a d s o r p t i o n ,  t h e  i n t e r a c t i o n  of  i n d i v i d u a l  s p e c i e s ,  i s  an  a r e a  
o f  i n t e n s e  r e s e a r c h  (Cr i t t enc ien ,  1976; L i a p i s  and R i p p i n ,  
1978; B a l z l i  e t  a l . ,  1978;  F r i t z  e t  a l . ,  1980;  C r i t t e n d e n  
e t  a l . ,  1 9 8 0 ) .  
The i n t e r a c t i o n  o f  o r g a n i c s  i n  an a d s o r p t i o n  bed  c a n  
b e  f u r t h e r  c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  i n f l u e n t  concen- 
t r a t i o n s  o f  t h e  i n d i v i d u a l  o r g a n i c s  may v a r y  w i t h  t i m e .  
The appea rance  o f  new compounds i n  t h e  i n f l u e n t  can  l e a d  t o  
t h e  d i s p l a c e m e n t  o f  compounds p r e v i o u s l y  adso rbed .  A 
compound may a l s o  undergo d e s o r p t i o n  b e c a u s e  o f  a  d e c l i n e  i n  
i t s  i n f l u e n t  c o n c e n t r a t i o n .  To d a t e  t h e  s t u d y  o f  v a r i a b l e  
i n f l u e n t  ' c o n c e n t r a t i o n  on a d s o r b e r  per formance  and of '  t h e  
a c c u r a c y  o f  a  model t o  p r e d i c t  t h i s  per formance  h a s  been 
minimal .  C r i t t e n d e n  (1976)  and  C r i t t e n d e n  and  Weber (1978b, 
1978c ,  1978d)  have  modeled s i n g l e - s o l u t e  and  b i s o l u t e  adso rp -  
t i o n  i n  f i x e d  beds  i n  which t h e  i n f l u e n t  c o n c e n t r a t i o n s  
v a r i e d  by. + 20%. Karesh (1973)  l ooked  a t  t h e  s e q u e n t i a l  
( feedonecorn2ound u n t i l  t h e  bed  is  s a t u r a t e d ,  t h e n  f e e d  
a n o t h e r  compounda longwi th  t h e  f i r s t )  f e e d i n g  o f  compounds 
t o  a  ca rbon  column, b u t  no model ing  e f f o r t  accompanied t h i s  
work. The s e q u e n t i a l  f e e d i n g  o f  p - n i t r o p h e n o l  and  
p-bromophenol t o  a  column o f  D u o l i t e  A-7 r e s i n  was modeled 
by ~ i n r i c h s  ( 1 9 7 5 ) .  The model assumed o n l y  f i l m  t r a n s f e r  
was r a t e  c o n t r o l l i n g ,  and  t h e  f i t  o f  t h e  model t o  t h e  
e x p e r i m e n t a l  d a t a  was judged u n s a t i s f a c t o r y .  C r i t t e n d e n  
e t  a l .  (1980)  were much more s u c c e s s f u l  i n  d e s c r i b i n g  t h i s  
r e s i n  d a t a  w i t h  a  model t h a t  i n c o r p o r a t e d  b o t h  f i l m  t r a n s f e r  
and s u r f a c e  d i f f u s i o n .  B a l z l i  e t  a l .  (1978)  s i m u l a t e d  w i t h  a  
k i n e t i c  model t h e  e f f e c t  o f  s h o r t  p u l s e  changes i n  t h e  
i n f l u e n t  c o n c e n t r a t i o n s  f o r  b i s o l u t e  a d s o r p t i o n  i n  a  f ixed-  
bed. 
1 . 2  O b j e c t i v e s  
The r e s e a r c h  p r e s e n t e d  h e r e i n  had t h r e e  o b j e c t i v e s :  
1) t o  assess t h e  a b i l i t y  of  a  f ixed-bed model t o  p r e d i c t  t h e  
e f f e c t  of  a  s u s t a i n e d  s t e p  change i n  i n f l u e n t  c o n c e n t r a t i o n  
and t o  d e s c r i b e  t h e  p r o c e s s  of d e s o r p t i o n ,  2 )  t o  compare 
w i t h  a  f ixed-bed model t h e  behav io r  of  d i f f e r e n t  adsorben t s  
i n  t h e  uptake  o f  aqueous o r g a n i c s  and 3 )  t o  i n v e s t i g a t e  w i t h  
a  f ixed-bed model f a c t o r s  t h a t  a f f e c t  d e s o r p t i o n .  Both 
s i n g l e - s o l u t e  and b i s o l u t e  systems w e r e  t o  be  s t u d i e d .  
2 .  GENERAL CONSIDERATIONS I N  THE 
MODELING OF ADSORPTION KINETICS 
Adsorp t ion  o n t o  a  po rous  p a r t i c l e  can  be c o n s i d e r e d  t o  
o c c u r  i n  t h r e e  s t e p s :  1) t r a n s p o r t  o f  t h e  s o l u t e s  from t h e  
b u l k  s o l u t i o n  t o  t h e  e x t e r n a l  s u r f a c e  o f  t h e  p a r ' t i c l e  
t h r o u g h  a  l i q u i d  boundary l a y e r  o r  s u r f a c e  f i l m  ( f i l m  resis- 
t a n c e  o r  f i l m  d i f f u s i o n ) ,  2 )  t r a n s p o r t  o f  t h e  s o l u t e s  w i t h i n  
t h e  p a r t i c l e  ( i n t r a p a r t i c l e  r e s i s t a n c e  o r  i n t r a p a r t i c l e  
d i f f u s i o n ) ,  and 3 )  t h e  a c t u a l  p h y s i c a l  o r  chemica l  a d s o r p t i o n  
o f  t h e  s o l u t e s  o n t o  i n t e r n a l  s u r f a c e  s i t e s  o f  t h e  p a r t i c l e  
( r e a c t i o n  r e s i s t a n c e ) .  I f  a  s t e p  i s  r e l a t i v e l y  s low,  i t  w i l l  
b e  r a t e  c o n t r o l l i n g  s i n c e  t h e  s t e p s  o c c u r  i n  series. I n t r a -  
p a r t i c l e  t r a n s p o r t  may o c c u r  by d i f f u s i o n  th rough  t h e  f l u i d  
i n  t h e  p o r e s  ( p o r e  d i f f u s i o n ) ,  by d i f f u s i o n  i n  t h e  adso rbed  
s t a t e  a l o n g  t h e  p o r e  s u r f a c e s  ( s u r f a c e  d i f f u s i o n ) ,  o r  by a  
combina t ion  o f  t h e  two (combined d i f f u s i o n ) .  Po re  and s u r f a c e  
d i f f u s i o n  a r e  p a r a l l e l  p r o c e s s e s  s o ,  i f  one  p r o c e s s  i s  much 
f a s t e r ,  it w i l l  c o n t r o l  t h e  r a t e  o f  i n t r a p a r t i c l e  t r a n s p o r t .  
F o r  t h e  a d s o r p t i o n  o f  d i s s o l v e d  o r g a n i c s  o n t o  
a c t i v a t e d  ca rbon ,  t h e  r e a c t i o n  s t e p  i s  g e n e r a l l y  q u i t e  r a p i d  
and  i s  commonly i g n o r e d  a s  a  p o s s i b l e  r a t e  l i m i t i n g  s t e p .  
Tha t  i s ,  most r e s e a r c h e r s  assume t h e  r a t e  o f  a d s o r p t i o n  t o  
b e  d i f f u s i o n  l i m i t e d .  ( I n  a l l  subsequen t  d i s c u s s i o n s  and  
r e f e r e n c e s  on k i n e t i c  models ,  t h e  a d s o r p t i o n  r a t e  w i l l  be 
assumed t o  be  d i f f u s i o n  l i m i t e d  u n l e s s  s t a t e d  o t h e r w i s e . )  
Although f o r  some s o l u t e s  p o s s i b l y  o n l y  f i l m  resis- 
t a n c e  o r  o n l y  i n t r a p a r t i c l e  r e s i s t a n c e  w i l l  c o n t r o l  under  
c e r t a i n  o p e r a t i n g  c o n d i t i o n s ,  a  f l e x i b l e  model w i l l  encom- 
p a s s  b o t h  r e s i s t a n c e s .  The assumpt ion  o f  a  s i n g l e  r a t e  
l i m i t i n g  s t e p  c a n n o t  b e  made 2 p r i o r i .  Even i n  h i g h l y  
a g i t a t e d  b a t c h  r e a c t o r s ,  t h e  i n f l u e n c e  of  f i l m  r e s i s t a n c e  
may n o t  b e  t o t a l l y  e l i m i n a t e d  (Mathews and  Weber, 1977; 
C h a k r a v o r t i  and  Weber, 1975;  N e r e t n i e k s ,  1976b; DiGiano and  
Weber, 1 9 7 2 ) .  
The e q u i l i b r i u m  r e l a t i o n s h i p  i s  a l s o  a n  i m p o r t a n t  
c o n s i d e r a t i o n  i n  k i n e t i c  model ing  s i n c e  it d i c t a t e s  t h e  
e x t e n t  o f  a d s o r p t i o n .  I f  t h e  r a t e  o f  a d s o r p t i o n  i s  d i f f u s i o n  
l i n i t e d ,  t h e n  l o c a l  e q u i l i b r i u m  e x i s t s .  Tha t  i s ,  e q u i l i b r i u m  
h o l d s  a t  t h e  s u r f a c e - s o l u t i o n  i n t e r f a c e  t h r o u g h o u t  an  adso r -  
b e n t  p a r t i c l e .  The p r e d i c t i v e  c a p a b i l i t y  o f  a  k i n e t i c  
model c a n  be  c o n s t r a i n e d  by t h e  a c c u r a c y  o f  t h e  e q u i l i b r i u m  
d e s c r i p t i o n .  Weber and C h a k r a v o r t i  (1974)  have demons t r a t ed  
t h a t  t h e  i s o t h e r m  shape  c a n  g r e a t l y  i n f l u e n c e  t h e  shape  o f  
t h e  b r e a k t h r o u g h  cu rve  from a  f i x e d  bed. 
2 . 1  E q u a t i o n s  f o r  I n t r a p a r t i c l e  D i f f u s i o n  
The more f l e x i b l e  and  a c c u r a t e  models o f  
a d s o r p t i o n  dynamics u t i l i z e  u n s t e a d y - s t a t e  d i f f u s i o n  
e q u a t i o n s  based  on  F i c k ' s  f i r s t  law. These models 
r e s u l t  f rom a  mass b a l a n c e  on an  a d s o r b e n t  p a r t i c l e ,  
and t h e y  a c c o u n t  f o r  t h e  r e s i s t a n c e  t o  mass t r a n s p o r t  due t o  
i n t r a p a r t i c l e  d i f f u s i o n .  The g e n e r a l  model assumes 
combined d i f f u s i o n ,  and t h e  pore  and s u r f a c e  d i f f u s i o n  
models a r e  s p e c i a l  c a s e s  of it. For  combined d i f f u s i o n ,  
c o n s t a n t  d i f f u s i v i t i e s ,  and a  s p h e r i c a l  p a r t i c l e ,  t h e  mass 
ba lance  produces t h e  fo l lowing  e q u a t i o n :  
Equation 1 o r  s i m p l i f i c a t i ' o n s  of  it can be coupled ,  w i t h  
t h e  p roper  boundary c o n d i t i o n s ,  t o  a  mass ba lance  e q u a t i o n  
d e s c r i b i n g a n  a d s o r p t i o n  u n i t  such a s  a  - f i x e d  bed. 
To s i m p l i f y  t h e  s o l u t i o n  t o  e q u a t i o n  1, r e s e a r c h e r s  
have a lmost  always assumed t h a t  one of  t h e  two d i f f u s i o n  
mechanisms i s  i n s i g n i f i c a n t .  A n e x c e p t i o n  i s  t h e  work of 
Brecher  e t  a l .  (1966) .  For t h e  s i t u a t i o n  of  pore  d i f f u s i o n  
governing t h e  r a t e  o f  t r a n s p o r t  w i t h i n  t h e  p a r t i c l e ,  
e q u a t i o n  1 reduces  t o  t h e  fo l lowing  form: 
E D 
ac + as - P p a ( r 2  x) E -p a t  at- 
r 
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S i m i l a r l y ,  i f  s u r f a c e  d i f f u s i o n  c o n t r o l s ,  t h e n  e q u a t i o n  1 
reduces  t o :  
The models may be f u r t h e r  s i m p l i f i e d  by e l i m i n a t i n g  
t h e  f l u i d  phase accumulat ion term. T h i s  might be done because 
t h e  c o n c e n t r a t i o n  on t h e  s u r f a c e  i s  much g r e a t e r  t h a n  t h a t  i n  
t h e  pore  f l u i d ,  t h e  p a r t i c l e  i s  of  low p o r o s i t y  ( s m a l l  E 1 ,  P  
o r  s imply t o  make t h e  model less cumbersome. E l i m i n a t i o n  
of  t h i s  term from e q u a t i o n  3 r e s u l t s  i n  an  e q u a t i o n  t h a t  i s  
o f t e n  r e f e r r e d  t o  a s  t h e  homogeneous s o l i d  d i f f u s i o n  model: 
,. 
2 . 2  Equat ions  f o r  Fi lm T r a n s f e r  
When an e x t e r n a l  r e s i s t a n c e  t o  mass t r a n s f e r ,  due 
t o  a  l i q u i d  f i l m  surrounding t h e  adsorben t  p a r t i c l e ,  i s  
s i g n i f i c a n t ,  it can be t aken  i n t o  account  i n  a  d i f f u s i o n  
model by an a p p r o p r i a t e  boundary c o n d i t i o n .  For homogeneous 
s o l i d  d i f f u s i o n ,  a s  an example, such a  boundary c o n d i t i o n  
i s  t h e  fo l lowing  e q u a t i o n ,  which a r i s e s  from a  mass ba lance  
t h a t  e q u a t e s  t h e  r a t e  of mass t r a n s f e r  through t h e  s u r f a c e  
f i l m  w i t h  t h e  r a t e  of mass t r a n s f e r  i n t o  t h e  p a r t i c l e :  
An a l t e r n a t e  b u t  e q u i v a l e n t  boundary c o n d i t i o n  e q u a t e s  t h e  
r a t e  of mass t r a n s f e r  through t h e  s u r f a c e  f i l m  t a  t h e  r a t e  
:a~a~qxed 
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3 .  LITERATURE REVIEW 
3. i Adsorpt ion  E q u i l i b r i u m  
An a d s o r p t i o n  i s o t h e r m  is  a n  e x p r e s s i o n  o f  t h e  
e q u i l i b r i u m ,  a t  c o n s t a n t  t e m p e r a t u r e ,  between t h e  c o n c e n t r a t i o n  
o f  a  s p e c i e s  on t h e  a d s o r b e n t  s u r f a c e  and  t h e  c o n c e n t r a t i o n  
i n  s o l u t i o n .  Isother ins  may be  c l a s s i f i e d  as t o  whether  t h e y  
d e s c r i b e  t h e  a d s o r p t i o n  o f  a  s i n g l e  s o l u t e  o r  t h e  s i m u l t a n e o u s ,  
i . e . ,  c o m p e t i t i v e ,  a d s o r p t i o n  of  two o r  more s o l u t e s .  S ingle-  
s o l u t e  i s o t h e r m s  have been a p p l i e d ,  however, t o  t h e  adsorp-  
t i o n  of  complex m i x t u r e s  i n  which t h e  m i x t u r e  c o n c e n t r a t i o n  
i s  measure? by a  s i n g l e  g r o s s  pa rame te r  such  a s  chemica l  
oxygen demand, t o t a l  o r g a n i c  c a r b o n ,  o r  f l u o r e s c e n c e .  S i n g l e -  
s o l u t e  e q u i l i b r i u m  d a t a  can  g e n e r a l l y  be w e l l  d e s c r i b e d  by 
one o r  more i s o t h e r m  e q u a t i o n s .  A r ema in ing  problem a r e a  is . 
t h e  a c c u r a t e  d e s c r i p t i o n  o f  m u l t i s o l u t e  e q u i l i b r i u m  by models 
t h a t  a r e  b o t h  a c c u r a t e  and  manageable.  The o c c u r r e n c e  and  
s i g n i f i c a n c e  o f  e q u i l i b r i u m  h y s t e r e s i s  a l s o  needs  f u r t h e r  
s t u d y  . 
3 . 1 . 1  S i n g l e - S o l u t e  E q u i l i b r i u n  Models 
Thz two s i m p l e s t  i s o t h e r m  e q u a t i o n s  f o r  d e s c r i b i n g  
t h e  a d s o r p t i o n  of  a  s i n g l e  s p e c i e s  a r e  t h e  i r r e v e r s i b l e  
( r e c t a n g u l a r )  i s o t h e r m ,  e q u a t i o n  8 ,  and t h e  l i n e a r  i s o t h e r m  
(Henry ' s  Law) , e q u a t i o n  9 .  
The use  of  an i r r e v e r s i b l e  o r  l i n e a r  i so the rm i n  a  k i n e t i c  
model pe rmi t s  an  a n a l y t i c a l  s o l u t i o n  t o  t h e  model (Rosen, 
1952; Suzuki and Kawazoe, 1974a) .  Unfor tuna te ly  n e i t h e r  
e q u a t i o n  i s  g e n e r a l l y  adequate  i n  c h a r a c t e r i z i n g  t h e  
a d s o r p t i o n  o f  o r g a n i c s  from aqueous s o l u t i o n  o n t o  a c t i v a t e d  
carbon.  The e q u i l i b r i u m  d a t a  o f  a  very  s t r o n g l y  adsorb ing  
species tnay i n  some c a s e s  be approximated by t h e  i r r e v e r s i b l e  
i so therm.  The l i n e a r  i so the rm is  most l i k e l y  t o  be v a l i d  
a t  ve ry  low c o n c e n t r a t i o n s .  
Two n o n l i n e a r  models, t h e  Freund l i ch  i so the rm,  equa- 
t i o n  3 ,  and t h e  Langmuir i so the rm,  e q u a t i o n  4 ,  have been 
f r e q u e n t l y  employed t o  d e s c r i b e  e q u i l i b r i u m .  
E i t h e r  e q u a t i o n  can be e a s i l y  t r ans fo rmed  t o  a  l i n e a r  form 
f o r  t h e  e v a l u a t i o n  of t h e  c o n s t a n t s .  The Freund l i ch  i s o -  
therm was o r i g i n a l l y  developed e m p i r i c a l l y ,  a l though  it may 
have some t h e o r e t i c a l  b a s i s  f o r  a d s o r b e n t s  w i t h  a  he terogeneous  
s u r f a c e  (Adamson, 1976) .  The Langnuir i so the rm was t h e o r e t i -  
c a l l y  d e r i v e d  on t h e  assumpt ions  of a  monolayer a s  maximum 
a d s o r p t i o n ,  a  c o n s t a n t  energy of a d s o r p t i o n ,  and no migra t ion  
o f  s o l u t e  i n  t h e  p l a n e  o f  t h e  s u r f a c e  (Langmuir,  1 9 1 8 ) .  
I t  p r e d i c t s  a  s a t u r a t i o n  s u r f a c e  c o n c e n t r a t i o n  ( t h e  mono- 
l a y e r ) ,  Q ,  f o r  h i g h  s o l u t i o n  c o n c e n t r a t i o n s ,  and it reduces  
t o  t h e  l i n e a r  i s o t h e r m  a t  low s o l u t i o n  c o n c e n t r a t i o n s .  
E q u i l i b r i u m  d a t a  o v e r  a  s o l u t i o n  c o n c e n t r a t i o n  range  o f  
s e v e r a l  decades  may n o t  be  a d e q u a t e l y  d e s c r i b e d  by e i t h e r  
mode 1. 
An e m p i r i c a l  e q u a t i o n  w i t h  t h r e e  p a r a m e t e r s  was 
proposed  by Radke and P r a u s n i t z  (1972b) i n  o r d e r  t o  p r o p e r l y  
d e s c r i b e  e q u i l i b r i u m  d a t a  o v e r  a  s o l u t i o n  c o n c e n t r a t i o n  
r ange  o f  s e v e r a l  decades :  
A t  low s o l u t i o n  c o n c e n t r a t i o n s  it becomes t h e  l i n e a r  i s o -  
therm,  a t h i g h  s o l u t i o n  c o n c e n t r a t i o n s  it becomes t h e  F r e u n d l i c h  
i s o t h e r m ,  and f o r  t h e  s p e c i a l  c a s e  of  a = 1 it becomes 
t h e  Langmuir i s o t h e r m .  The t h r e e  p a r a m e t e r s  must  
be e s t i m a t e d  by a  s t a t i s t i c a l  f i t  o f  t h e  e q u a t i o n  t o  
e x p e r i m e n t a l  d a t a .  
Another  t h r e e - p a r a m e t e r  model,  r e f e r r e d  t o  h e r e  a s  
t h e  Myers i s o t h e r m ,  was r e c e n t l y  i n t r o d u c e d  by J o s s e n s  
e t  a l .  ( 1 9 7 8 ) :  
P c = 9 exp ( ~ q  ) H 
I t  i s  unusual  i n  t h a t  it e x p r e s s e s  t h e  s o l u t i o n  c o n c e n t r a t i o n  
a s  a  f u n c t i o n  of t h e  s u r f a c e  c o n c e n t r a t i o n .  The equa t ion  
can be d e r i v e d  from thermodynamics under t h e  assumption 
of  a  h i g h l y  heterogeneous s u r f a c e .  
The Polanyi  a d s o r p t i o n  p o t e n t i a l  t h e o r y  (Adamson, 
1976; Manes and Hofer ,  1 9 6 9 ) ,  o r i g i n a l l y  developed f o r  gas  
phase a d s o r p t i o n ,  has  r e c e n t l y  been a p p l i e d  t o  t h e  a d s o r p t i o n  
of s o l u t e s .  The theory  c o n s i d e r s  t h a t  t h e r e  i s  a p o t e n t i a l  
f i e l d  w i t h i n  t h e  range o f , t h e  a t t r a c t i v e  f o r c e s ,  i . e . ,  
a d s o r p t i v e  s p a c e ,  of  a  s o l i d  s u r f a c e .  P o i n t s  of  e q u a l  
p o t e n t i a l ,  E can, .be connected t o  form an e q u i p o t e n t i a l  P '  
s u r f a c e  such t h a t  t h i s  s u r f a c e  and t h e  s o l i d  s u r f a c e  e n c l o s e  
,< 
a  volume, U. A p l o t  of  U v e r s u s  i s  E i s  termed t h e  - 
P 
c h a r a c t e r i s t i c  curve  and i s  dependent on adsorben t  s t r u c t u r e  
b u t  independent  of t empera tu re .  The c h a r a c t e r i s t i c  curve  
can be  c o n s t r u c t e d  from e q u i l i b r i u m  d a t a .  
The Polanyi  t h e o r y  has been r e c e n t l y  a p p l i e d  wi th  
c o n s i d e r a b l e  success  i n  e x p l a i n i n g  t h e  e q u i l i b r i u m  behav io r  
of s o l u t e s  on a c t i v a t e d  carbon from a  number of s o l v e n t s  
(Manes and Hofer ,  1969) .  However, a  p l o t  of U v e r s u s  E i s  
P 
c u r v i l i n e a r ,  and a  mathematical  e x p r e s s i o n  r e l h t i n g  U w i t h  
E i s  n o t  o b t a i n a b l e  from t h e o r y .  A s  a  r e s u l t ,  t h e  d a t a  P  
would need t o  be f i t t e d  t o  some presumed mathematical  
e x p r e s s i o n  f o r  i n c l u s i o n  i n  a  k i n e t i c  model. 
3 . 1 . 2  M u l t i s o l u t e  E q u i l i b r i u m  Models 
The Langmuir model o f  c o m p e t i t i v e  a d s o r p t i o n ,  
e q u a t i o n  1 4 ,  b a s e d  on t h e  s a m e a s s u m p t i o n s  a s  t h e  s i n g l e -  
s o l u t e  model,  was f i r s t  d e r i v e d  by B u t l e r  and Ockrent  
T h e s u r f a c e c o n c e n t r a t i o n  q o f  s p e c i e s  i i s  e x p r e s s e d  a s  a  i 
f u n c t i o n  o f  t h e  s o l u t i o n  c o n c e n t r a t i o n s  o f  a l l  k s p e c i e s  
i n  t h e  mix tu re .  The c o n s t a n t s  i n  e q u a t i o n  1 4  a r e  o b t a i n e d  
from s i n g l e - s o l u t e  sys t ems .  U n t i l  r e c e n t l y  t h e  c o m p e t i t i v e  
Langmuir i s o t h e r m  was t h e  most commonly employed m u l t i s o l u t e  
model. I ts  inadequacy  i n  d e s c r i b i n g  e q u i l i b r i u m  i n  many 
sys tems  h a s  been  one f a c t o r  i n  t h e  i n t e r e s t  t o  d e v e l o p  o t h e r  
models.  
Schay e t  a l .  (1957) mod i f i ed  t h e  ~ a n g m u i r  c o m p e t i t i v e  
e q u a t i o n  t o  improve i t s  d e s c r i p t i o n  o f  e q u i l i b r i u m  d a t a .  
T h e i r  model i s  shown below: 
The i n t e r a c t i o n  terms n a r e  e v a l u a t e d  by c o r r e l a t i n g  t h e  j 
model t o  m u l t i s o l u t e  e x p e r i m e n t a l  d a t a .  
J a i n  and Snoeyink (1973) i n t r o d u c e d  a  b i s o l u t e  model,  
e q u a t i o n s  16 and 1 7 ,  which i s  a l s o  a  m o d i f i c a t i o n  o f  t h e  
Langmuir model and which i s  t o  a p p l y  t o  t h o s e  sys t ems  
where Q1 f Q2.  I t  is  a  s emi -compe t i t i ve  model i n  t h a t  a  
q u a n t i t y  o f  s i tes  c o r r e s p o n d i n g  t o  Q1 - Q2 (where Ql > Q 2 )  
are assumed t o  b e ,  due t o  e i t h e r  chemica l  s p e c i f i c i t y  o r  molee 
u l a r  e x c l u s i o n ,  r e c e p t i v e  o n l y  t o  s o l u t e  1 whereas  t h e  
s o l u t e s  compete f o r  t h e  r ema in ing  s i tes  c o r r e s p o n d i n g  t o  Q2.  - 
Mathews (1975) h a s  ex t ended  t h e  t h r e e - p a r a m e t e r  
i s o t h e r m  o f  Radke and  P r a u s n i t z  t o  m u l t i s o l u t e  a d s o r p t i o n  by 
fo rward ing  t h e  f o l l o w i n g  e q u a t i o n :  
The c o n s t a n t s  a r e  e v a l u a t e d  from s i n g l e - s o l u t e  s y s t e m s t h a t  a r e  
d e s c r i b e d  by t h e  t h r e e - p a r a m e t e r  i s o t h e r m .  F o r  m u l t i s o l u t e  
sys t ems  t h a t  a r e  n o t  a d e q u a t e l y  d e s c r i b e d  by e q u a t i o n  1 8 ,  
Mathews proposed  a p p l y i n g  t h e  c o r r e l a t i o n  p r o c e d u r e  o f  Schay 
e t  a l .  (1957)  : 
F r i t z  and ~ c h l u n d e r  (1974)  have proposed  a  g e n e r a l  
e m p i r i c a l  m u l t i s o l u t e  model:  
F o r  c e r t a i n  v a l u e s  o f  t h e  c o n s t a n t s ,  t h e  model r e d u c e s  t o  
t h e  Langmuir c o m p e t i t i v e  model o r  Mathew's m u l t i s o l u t e  ex t en -  
s i o n  o f  t h e  t h r e e - p a r a m e t e r  i s o t h e r m .  Some of  t h e  model 
c o n s t a n t s  may need t o  be o b t a i n e d  from m u l t i s o l u t e  d a t a .  
The a u t h o r s  i l l u s t r a t e d  a  method f o r  o b t a i n i n g  t h e  c o n s t a n t s  
f o r  a  b i s o l u t e  sys tem i n  which t h e  s o l u t e s  i n d i v i d u a l l y  
conformed t o  t h e  F r e u n d l i c h  i s o t h e r m .  
The i d e a l  adso rbed  s o l u t i o n  (IAS) model h a s  been 
d e r i v e d  from thermodynamics by Radke and P r a u s n i t z  ( 1 9 7 2 a ) .  
I t  p r e d i c t s  m u l t i s o l u t e  e q u i l i b r i u m  u s i n g  s i n g l e - s o l u t e  
i s o t h e r m s  and i s  n o t  r e s t r i c t e d  t o  any s p e c i f i c  t y p e  o f  
i so the rm.  The a s sumpt ions  i n h e r e n t  i n  t h e  model a r e :  
1) t h e  a d s o r b e n t  i s  thermodynamica l ly  i n e r t ,  2 )  t h e  a v a i l -  
a b l e  s u r f a c e  a r e a  i s  i d e n t i c a l  f o r  a l l  s o l u t e s ,  3 )  t h e  l i q u i d  
s o l u t i o n  i s  d i l u t e ,  and 4 )  t h e  adso rbed  p h a s e  forms an  i d e a l  
s o l u t i o n .  The working e q u a t i o n s  o f  t h e  model f o r  a  b i s o l u t e  
sys tem a r e  shown a s  e q u a t i o n s  2 1  t h rough  28. The s i n g l e -  
s o l u t e  i s o t h e r m s ,  e q u a t i o n s  25 and 26,  a r e  g i v e n  i n  a  
g e n e r a l  form and e x p r e s s  t h e  s o l u t i o n  c o n c e n t r a t i o n  a s  a  
f u n c t i o n  o f  t h e  s u r f a c e  c o n c e n t r a t i o n .  
The s o l u t i o n  c o n c e n t r a t i o n s  C1 and C2  o f  t h e  b i s o l u t e  mix- 
t u r e  c a n  be p r e d i c t e d  knowing t h e  s u r f a c e  c o n c e n t r a t i o n s  
q1 and q 2  o f  t h e  mix tu re .  F i r s t ,  t h e  t o t a l  s u r f a c e  concen- 
t r a t i o n  qT and t h e  s u r f a c e  mole f r a c t i o n  zl o f  s o l u t e  1 a r e  
o b t a i n e d  from e q u a t i o n s  2 1  and 2 2  u s i n g  ql and q 2 .  Second, 
t h e  s i n g l e - s o l u t e  i s o t h e r m s  a r e  s u b s t i t u t e d  i n t o  e q u a t i o n  23, 
and e q u a t i o n s  23 and 24 a r e  s o l v e d  s i m u l t a n e o u s l y  to 
0 0 d e t e r m i n e  ql and q 2 ,  t h e  s i n g l e - s o l u t e  s u r f a c e  c o n c e n t r a t i o n s  
a t  t h e  s p r e a d i n g  p r e s s u r e  a .  T h i r d ,  C: and c;, t h e  s i n g l e  
s o l u t e  s o l u t i o n  c o n c e n t r a t i o n s ,  are c a l c u l a t e d  from e q u a t i o n s  
25 and  26 .  F i n a l l y ,  C1 and C 2  a r e  o b t a i n e d  from t h e  remain- 
i n g  two e q u a t i o n s .  
There  a r e  s e v e r a l  p o s s i b l e  drawbacks t o  t h e  IAS model. 
S i n g l e - s o l u t e  d a t a  are r e q u i r e d  a t  v e r y  low c o n c e n t r a t i o n s  
f o r  t h e  a c c u r a t e  c a l c u l a t i o n  o f  s p r e a d i n g  p r e s s u r e .  Con- 
s i d e r a b l e  computa t iona l  e f f o r t  i s  r e q u i r e d  t o  s o l v e  t h e  
s i m u l t a n e o u s  e q u a t i o n s ,  e s p e c i a l l y  i f  t h e  s p r e a d i n g  p r e s s u r e  
i n t e g r a t i o n  ( e q u a t i o n  23) c a n n o t  be accomplished a n a l y t i c a l l y .  
F i n a l l y ,  t h e  assumpt ion  o f  a n  i d e a l  adso rbed  phase  may f a i l  
a t  h i g h  s u r f a c e  l o a d i n g s ,  l e a d i n g  t o  poor  p r e d i c t i o n s .  
DiGiano e t  a l .  (1978) have d i s c u s s e d  a  c o m p e t i t i v e  
model t h a t  t h e y  deno ted  a s  t h e  s i m p l i f i e d  model. Although 
i t s  o r i g i n a l  development  w a s  e m p i r i c a l ,  t h e  model h a s  been 
demons t r a t ed  t o  have some c o n n e c t i o n  w i t h  IAS t h e o r y .  
When s i n g l e - s o l u t e  e q u i l i b r i u m  i s  e x p r e s s e d  by t h e  Langmuir 
i s o t h e r m  and a l l  t h e  s p e c i e s  have t h e  same monolayer 
cove rage  v a l u e  Q, t h e n  t h e  s i m p l i f i e d  model is i d e n t i c a l  t o  
t h e  c o m p e t i t i v e  Langmuir i s o t h e r m .  For s i n g l e - s o l u t e  equ i -  
l i b r i u m  s p e c i f i e d  by t h e  F r e u n d l i c h  i s o t h e r m ,  t h e  s i m p l i -  
f i e d  model g i v e s  t h e  f o l l o w i n g  e q u a t i o n  f o r  t h e  s u r f a c e  
l o a d i n g  o f  s p e c i e s  i i n  a  m i x t u r e  o f  N s o l u t e s :  
i n  which N 
Rosene and Manes (1976)  have d e r i v e d  a  m u l t i s o l u t e  
model based  on  t h e  P o l a n y i  a d s o r p t i o n  t h e o r y  and thermo- 
dynamic p r i n c i p l e s .  For  t h e  b i s o l u t e  c a s e  t h e  a u t h o r s  
deve loped  a  g r a p h i c a l  t e c h n i q u e  t o  p r e d i c t  t h e  s u r f a c e  
c o n c e n t r a t i o n s  q l  and  q 2  knowing t h e  s o l u t i o n  c o n c e n t r a t i o n s  
C1 and  C 2 ,  b u t  t h i s  t e c h n i q u e  i s  t e d i o u s .  I n  a d d i t i o n ,  i t  
i s  n o t  c l e a r  how t o  e a s i l y  a p p l y  t h e  g r a p h i c a l  t e c h n i q u e  t o  
a  k i n e t i c  model,  n o r  i s  i t  c l e a r  how t o  c o n v e r t  t h e  
g r a p h i c a l  t e c h n i q u e  t o  a  sys tem o f  e q u a t i o n s .  Consequen t ly ,  
t h e  e q u i l i b r i u m  mode lo f  Rosene and Manes d o e s  n o t  r e a d i l y  
l e n d  i t s e l f  a t  p r e s e n t  t o  u s e  i n  a  k i n e t i c  n o d e l  o f  adsorp-  
t i o n .  
3.2  Adsorp t ion  K i n e t i c s  
E f f o r t s  t o  m a t h e m a t i c a l l y  d e s c r i b e  a d s o r p t i o n  
dynamics have t a k e n  p l a c e  f o r  s e v e r a l  decades  a l t h o u g h  most 
o f  t h e  multicomponent work h a s  been done w i t h i n  t h e  p a s t  
t e n  y e a r s .  Some of t h e  r e s e a r c h ,  p a r t i c u l a r l y  much o f  t h e  
e a r l y  work ,has  tended  t o  be p reoccup ied  w i t h  s i m p l i f y i n g  
a s sumpt ions  t o  e a s e  t h e  t a s k  o f  s o l v i n g  model e q u a t i o n s .  
The s i m p l e s t  approach  i s  r e p r e s e n t e d  by e q u i l i b r i u m  
t h e o r y  model ing which assumes no mass t r a n s f e r  o r  s u r f a c e  
r e a c t i o n  r e s i s t a n c e s  (Wilson,  1940; H e l f f e r i c h  and K l e i n ,  
1970;  Rhee, 1 9 7 8 ) .  S i n c e  r e s i s t a n c e s  no rma l ly  e x i s t ,  t h e  
a c c u r a c y  o f  t h i s  method depends on t h e  a c t u a l  r a t e s  o f  
a d s o r p t i o n .  The method may be u s e f u l  i n  g i v i n g  an upper  
l i m i t  on k i n e t i c s .  E q u i l i b r i u m  t h e o r y  h a s  been a p p l i e d  t o  
t h e  removal o f  aqueous o r g a n i c s  w i t h  a c t i v a t e d  carbon 
by B a l z l i  e t  a l .  (1978) .  E q u i l i b r i u m  t h e o r y  d i d  n o t  do  a s  
-
w e l l  i n  d e s c r i b i n g  e x p e r i m e n t a l  d a t a  a s  d i d  models t h a t  
c o n s i d e r e d  mass t r a n s f e r  r e s i s t a n c e s ,  b u t  i t s  a c c u r a c y  
improved w i t h  i n c r e a s i n g  bed l e n g t h .  
Fo r  models t h a t  r e c o g n i z e  t h e  r a t e  of  a d s o r p t i o n  
t o  be f i n i t e ,  s i m p l i f y i n g  a s sumpt ions  i n c l u d e :  a n  o v e r a l l  
o r  e f f e c t i v e  r e a c t i o n  r a t e  e x p r e s s i o n  (Thomas, 1944; Hiester 
and Vermeulen, 1952; Keina th  and Weber, 1 9 6 8 ) ,  a  l i n e a r  
o r  q u a d r a t i c  d r i v i n g  f o r c e  approx ima t ion  t o  i n t r a p a r t i c l e  
d i f f u s i o n  (Glueckauf and Coa te s ,  1947;  Vermeulen, 1953; 
V a s s i l i o u  a n d  D r a n o f f ,  1 9 6 2 ;  H a l l  e t  a l . ,  1 9 6 6 ;  Cooney a n d  
S t r u s i ,  1 9 7 2 ;  H s i e h  e t  a l . ,  1 9 7 7 ) ,  a  l i n e a r  o r  i r r e v e r s i b l e  
i s o t h e r m  (Boyd e t  a l . ,  1 9 4 7 ;  E d e s k u t y  a n d  Amundson, 1 9 5 2 a ,  
1 9 5 2 b ;  Rosen ,  1 9 5 2 ;  T i e n  a n d  T h o d e s ,  1 9 6 0 ;  Yasamune a n d  
S m i t h ,  1 9 6 5 ;  Euang a n d  L i ,  1 9 7 3 ;  S u z u k i  a n d  Kawazoe, 1 9 7 4 a ) ,  
f i l m  t r a n s f e r  a s  t h e  s i n g l e  r a t e  c o n t r o l l i n g  s t e p  
( G a r i e p y  a n d  Z w i e b e l ,  1 9 7 1 ;  Z w i e b e l  e t  a l . ,  1 9 7 2 ;  K y t e ,  1 9 7 3 ;  
K e i n a t h ,  1 9 7 7 ) ,  a n d  a  c o n s t a n t  p a t t e r n  c o n d i t i o n  i n  f i x e d  
b e d s  ( M i c h a e l s ,  1 9 5 2 ;  V e r m e u l e n ,  1 9 5 3 ;  H a l l  e t  a l . ,  1 9 6 6 ;  
Thomas a n d  Lombard i ,  1 9 7 1 ;  Cooney a n d  S t r u s i ,  1 9 7 2 ) .  T h e s e  
a s s u m p t i o n s  p r o d u c e  m o d e l s  t h a t  may h a v e  d r a w b a c k s  i n  t e r m s  
o f  f l e x i b i l i t y  a n d  a c c u r a c y .  A s  a n  e x a m p l e ,  B a l z l i  e t  a l .  
( 1 9 7 8 )  n o t e d  t h a t  a  mode l  i n v o l v i n g  a l i n e a r  d r i v i n g  f o r c e  
a p p r o x i m a t i o n  t o  s u r f a c e  d i f f u s i o n  was  more a c c u r a t e  t h a n  
t h r e e  o t h e r  s i m p l i f i e d  m o d e l s  i n  d e s c r i b i n g  t h e  a d s o r p t i o n  
o f  a q u e o u s  o r g a n i c s  by a c t i v a t e d  c a r b o n .  B u t  t h e  mass 
t r a n s f e r  c o e f f i c i e n t  f o r  t h e  l i n e a r  d r i v i n g  f o r c e  was s e n s i -  
t i v e  t o  b o t h  i n f l u e n t  c o n c e n t r a t i o n  a n d  f l o w  r a t e ,  a n d  e x t r a p -  
o l a t i o n  f r o m  o n e  f e e d  c o n d i t i o n  t o  a n o t h e r  c o u l d  n o t  b e  
made w i t h  c o n f i d e n c e .  The  d r i v i n g  f o r c e  model  was  a l s o  
less a c c u r a t e  t h a n  a  more  complex  model  t h a t  c o n s i d e r e d  f i l m  
t r a n s f e r  a n d  p o r e  d i f f u s i o n  t o  b e  r a t e  c o n t r o l l i n g .  
O t h e r  r e s e a r c h e r s  h a v e  r e l a x e d  some o f  t h e  res t r ic-  
t i v e  a s s u m p t i o n s  t o  p r o d u c e  m o d e l s  t h a t  a r e  more r e a l i s t i c  
a n d  t h a t  h a v e  a  w i d e r  a p p l i c a b i l i t y .  The r e m a i n d e r  o f  t h i s  
l i t e r a t u r e  r e v i e w  w i l l  f o c u s  o n  work d e a l i n g  w i t h  t h e s e  
models as well as work that included laboratory experimenta- 
tion in conjunction with the modeling effort. Articles that 
reported the use of kinetic models in evaluating different 
adsorber configurations were mentioned previously in 
Section 1.1. 
3.2.1 Single-Solute Modeling 
Weber and Rumer (1965) determined the pore diffusivi- 
ties of benzenesulfonates in an activated carbon from 
finite batch experiments. The diffusivities decreased with 
increasing molecular weight. The model considered pore 
diffusion, cylindrical particle shape, and the Langmuir 
isotherm. A similar model for spherical particles and the 
Freundlich isotherm was employed to study the transport 
of inorganic acids within activated carbon (Snoeyink and 
Weber, 1968). 
Suzuki and Kawazoe (1974b) numerically solved 
equations for batch adsorption for the case of surface 
diffusion controlling the rate. General dimensionless 
diagrams were presented of the concentration decay for 
various values of the exponent in the Freundlich isotherm. 
Using these diagrams, Suzuki and Kawazoe (1975) obtained the 
surface diffusivities of fifteen volatile aqueous organics 
on an activated carbon. The diffusivities were correlated 
t o  t h e  r a t i o  of  t h e  b o i l i n g  p o i n t  o f  t h e  s o l u t e  ( T b )  t o  
t h e  a d s o r p t i o n  t e m p e r a t u r e  (T ) by t h e  f o l l o w i n g  P 
e x p r e s s i o n :  
2 -4  D s ( c m / s e c )  = 1.1 x 10  exp  (-5.32 T / T )  b  P  ( 3 2 )  
N e r e t n i e k s  (1976a)  h a s  p r e s e n t e d  e q u a t i o n s  f o r  p o r e ,  
s u r f a c e ,  and combined d i f f u s i o n  and s o l v e d  a l l  t h r e e  
c a s e s  f o r  b o t h  f i n i t e  b a t c h  and c o u n t e r c u r r e n t  f l o w  r e a c t o r s . .  
F i l m  r e s i s t a n c e  was i n c l u d e d ,  and i s o t h e r m s  were o f  t h e  
F r e u n d l i c h  and Langmuir forms.  
I n  i n f i n i t e  b a t c h  work, DiGiano and Weber (1973) 
modeled t h e  a d s o r p t i o n  o f  p - n i t r o p h e n o l  and 2 , 4 - d i n i t r o p h e n o l  
w i t h  a c t i v a t e d  carbon .  F i lm r e s i s t a n c e ,  p o r e  d i f f u s i o n -  
and  t h e  Langmuir i s o t h e r m  w e r e  i n c o r p o r a t e d  i n t o  t h e  model. 
I t  was found t h a t  t h e  a h i o n i c  forms o f  t h e  s o l u t e s  d i f f u s e d  
less r a p i d l y  i n  t h e  ca rbon  t h a n  d i d  t h e  r e s p e c t i v e  n e u t r a l  
fo rms .  The p r e s e n c e  o f  a  phospha te  b u f f e r  was obse rved  t o  
i n c r e a s e  t h e  d i f f u s i v i t y  o f  a n i o n i c  2 , 4 - d i n i t r o p h e n o l .  
Morton and M u r r i l l  (1967)  p r o v i d e d  a  s o l u t i o n  t o  a 
f ixed-bed  model t h a t  accoun ted  f o r  two-s tep  r e s i s t a n c e  
( f i l m  and s u r f a c e  d i f f u s i o n )  and  a  n o n l i n e a r  i s o t h e r m .  The 
model a d e q u a t e l y  f i t  e x p e r i m e n t a l  d a t a .  S i m i l a r  work, 
i n c l u d i n g  e x p e r i m e n t a l  v e r i f i c a t i o n ,  was p r e s e n t e d  by S t u a r t  
and Camp ( 1 9 7 3 ) .  A x i a l  d i s p e r s i o n  w a s  i n c o r p o r a t e d  i n t o  a  
s i m i l a r  n o d e l  by Co lwe l l  and Dranoff  ( 1 9 6 9 ) ,  and t h e  model 
was compared f a v o r a b l y  t o  e x p e r i m e n t a l  d a t a  (Co lwe l l  and 
Dranoff ,  1 9 7 1 ) .  
A t h r e e - r e s i s t a n c e  f ixed-bed  model was proposed  
and s o l v e d  by Wheeler and Middleman (1970) .  I n t r a p a r t i c l e  
t r a n s p o r t  was d e s c r i b e d  by s u r f a c e  d i f f u s i o n ,  and t h e  
s u r f a c e  r e a c t i o n  was assumed t o  obey Michaelis-Menton 
k i n e t i c s .  
The f ixed-bed  a d s o r p t i o n  o f  phenol  by a c t i v a t e d  
ca rbon  was i n v e s t i g a t e d  by C h a k r a v o r t i  and  Weber ( 1 9 7 5 ) .  
The bed model accoun ted  f o r  f i l m  r e s i s t a n c e ,  s u r f a c e  
d i f f u s i o n ,  a  n o n l i n e a r  i s o t h e r m ,  and a x i a l  d i s p e r s i o n .  
The d i f f u s i v i t y  f o r  t h e  bed work was o b t a i n e d  from a  b a t c h  
expe r imen t  and model. The b a t c h  model d i d  n o t  f i t  t h e  d a t a  
v e r y  w e l l ,  however, p o s s i b l y  because  it i g n o r e d  t h e  e f f e c t  
o f  f i l m  r e s i s t a n c e .  
Weber and C h a k r a v o r t i  (1974)  have p r e s e n t e d  a  d i s -  
c u s s i o n  on t h e  s u r f a c e  and p o r e  d i f f u s i o n  e q u a t i o n s  and 
have t a b u l a t e d  r e f e r e n c e s  on  a d s o r p t i o n  model ing .  
The a u t h o r s  found th rough  computer  s i m u l a t i o n s  t h a t  F i c k ' s  
f i r s t  law was s u f f i c i e n t  f o r  t h e  d e s c r i p t i o n  o f  i n t r a -  
p a r t i c l e  mass t r a n s p o r t  even a t  c o n c e n t r a t i o n s  a s  h i g h  a s  
0 . 1  mole f r a c t i o n  (5.56 m o l e / l i t e r  aqueous s o l u t i o n ) .  
P e e l  and  Benedek (1980)  d e v i s e d  a  model t h a t  assumed 
a c t i v a t e d  ca rbon  p a r t i c l e s  c o n s i s t e d  o f  two r e g i o n s ,  one w i t h  
macropores  and t h e  o t h e r  w i t h  mic ropores .  Model e q u a t i o n s  
c o n s i d e r e d  f i l m  t r a n s f e r ,  s u r f a c e  d i f f u s i o n  i n  t h e  
macropores ,  and a  l i n e a r  d r i v i n g  f o r c e  d e s c r i p t i o n  o f  micro- 
p o r e  t r a n s p o r t .  From a  f i t  o f  t h e  b a t c h  model t o  b a t c h  
k i n e t i c  d a t a ,  t h r e e  p a r a m e t e r s  ( t h e  macropore  s u r f a c e  d i f f u -  
s i v i t y ,  t h e  mic ropore  t r a n s f e r  c o e f f i c i e n t  and t h e  macropore  
f r a c t i o n  of  t h e  t o t a l  c a p a c i t y )  were o b t a i n e d  f o r  u se  i n  
p r e d i c t i n g  column per formance .  Al though  t h e  p r e d i c t i o n s  
a g r e e d  f a i r l y  w e l l  w i t h  e x p e r i m e n t a l  column r u n s ,  t h e  
a c c u r a c y  was no b e t t e r  t h a n  t h a t  o b t a i n e d  by o t h e r  r e s e a r c h e r s  
w i t h  t h e  c o n v e n t i o n a l  p o r e  and s u r f a c e  d i f f u s i o n  models .  
Ying and Weber (1979)  deve loped  and t e s t e d  s i n g l e -  
s o l u t e  models  t h a t  i n c o r p o r a t e d  t h e  e f f e c t  o f  b i o l o g i c a l  
a c t i v i t y  t h a t  can o c c u r  on a c t i v a t e d  ca rbon .  I n  a d d i t i o n  
t o  assuming  t h a t  t h e  r a t e  o f  a d s o r p t i o n  was governed  by . 
f i l m  t r a n s f e r  and  s u r f a c e  d i f f u s i o n ,  t h e  models  i n c l u d e d  
e q u a t i o n s  f o r  t h e  b i o d e g r a d a t i o n  o f  t h e  adso rbed  o r g a n i c  and 
f o r  t h e  growth o f  t h e  biomass  a t t a c h e d  t o  t h e  c a r b o n  
p a r t i c l e s .  Model p r e d i c t i o n s  and e x p e r i m e n t a l  d a t a  demon- 
s t r a t e d  t h a t  b i o l o g i c a l  a c t i v i t y  c a n  e x t e n d  t h e  s e r v i c e  
t i m e  o f  a  c a r b o n  bed.  
Most e f f o r t s  t o  model e x p e r i m e n t a l  d a t a  have d e a l t  
w i t h  a  s i n g l e  a d s o r b e n t ,  b u t  r e s e a r c h e r s  have begun t o  employ 
model ing  a s  a n  a i d  i n  comparing t h e  per formance  o f  d i f f e r e n t  
a d s o r b e n t s .  Suzuki  and Kawazoe (1974a)  modeled t h e  adso rp -  
t i o n  o f  2-dodecyl benzene s u l f o n a t e  i n  a  b a t c h  r e a c t o r  f o r  
f o u r  d i f f e r e n t  a c t i v a t e d  c a r b o n s ,  b u t  a  r e c t a n g u l a r  
( i r r e v e r s i b l e )  i s o t h e r m  was assumed. 
Smith e t  a l .  (1959)  s t u d i e d  t h e  b a t c h  a d s o r p t i o n  
o f  2 ,4 -d ich lo ropheno l  on f o u r  a c t i v a t e d  c a r b o n s ,  and t h e y  
t r i e d  t o  c o r r e l a t e  t h e  k i n e t i c s  t o  carbon c h a r a c t e r i s t i c s  
such  a s  po re  s i z e  d i s t r i b u t i o n  and s u r f a c e  a r e a .  Although 
an  a p p a r e n t  r e l a t i o n s h i p  between a d s o r p t i o n  r a t e  and 
0 
micropore  ( less  t h a n  a b o u t  250 A p o r e  r a d i u s )  volume was 
d i s c o v e r e d ,  t h e  a n a l y s i s  was s e v e r e l y  hampered by t h e  use  
o f  a  semi-empir ica l  model. 
Spahn and ~ c h l u n d e r  (1975)  de te rmined  t h e  p o r e  
d i f f u s i v i t i e s  o f  p h e n y l a c e t i c  a c i d  f o r  twe lve  a c t i v a t e d  
c a r b o n s .  I so the rms  were approximated a s  b e i n g  i r r e v e r s i b l e .  
N e i t h e r  t h e  t o t a l  p o r e  volume, t h e  micropore  ( p o r e  r a d i i  
0 
less  t h a n  o r  e q u a l  t o  1000 A )  volume n o r  t h e  macropore 
0 
( p o r e  r a d i i  g r e a t e r  t h a n  1000 A )  volume o f  t h e  c a r b o n s  had 
a  r e c o g n i z a b l e  i n f l u e n c e  on t h e  po re  d i f f u s i v i t y  v a l u e s .  
I n  c o n t r a s t ,  a  f a i r l y  l i n e a r  r e l a t i o n s h i p  between 
t h e  s u r f a c e  d i f f u s i v i t y  o f  a n  o r g a n i c  s o l u t e  and t h e  p o r e  
volume o f  an  a c t i v a t e d  ca rbon  was d i s c o v e r e d  by ~ o l z e l  e t  a l .  
( 1 9 7 9 ) .  Fo r  p - n i t r o p h e n o l ,  a s  an  example,  t h e  d i f f u s i v i t y  
v a l u e  was c o r r e l a t e d  t o  t h e  p o r e  volume between p o r e  r a d i i  
0 
of  10  and 100 A. The p -n i t ropheno l  would e x h i b i t  a  h i g h e r  
d i f f u s i v i t y  i n  a  ca rbon  w i t h  a  l a r g e r  p o r e  volume. 
Lee (1980)  and Lee e t  a l .  (1980)  u t i l i z e d  s i n g l e -  
s o l u t e  b a t c h  and f ixed-bed  models t o  judge t h e  c a p a b i l i t i e s  
o f  d i f f e r e n t  c a r b o n s  i n  a d s o r b i n g  humic s u b s t a n c e s .  With 
model i n p u t s ,  such  a s  t h e  f i l m  t r a n s f e r  c o e f f i c i e n t  and t h e  
s u r f a c e  d i f f u s i v i t y ,  independent  o f  t h e  f ixed-bed exper i -  
mental  d a t a ,  t h e  f ixed-bed model was a b l e  t o  p r e d i c t  
c o r r e c t l y  t h e  r e l a t i v e  performance o f  t h e  carbons.  Alum 
c o a g u l a t i o n  preceding a d s o r p t i o n  was shown t o  i n c r e a s e  t h e  
s e r v i c e  t i m e s  o f  a l l  t h e  carbons  and a l s o  t o  change t h e  
r e l a t i v e  o r d e r  of  performance of  t h e  carbons .  
Van V l i e t  and Weber (1979) s t u d i e d  t h e  a d s o r p t i o n  
o f  p-chlorophenol  and p - t c l u e n e s u l f o n a t e  w i t h  two a c t i v a t e d  
carbons  and e i g h t  s y n t h e t i c  (carbonaceous and polymer ic)  
a d s o r b e n t s .  Pronounced d i f f e r e n c e s  i n  c a p a c i t y ,  f i l m  
t r a n s f e r  c o e f f i c i e n t  and s u r f a c e  d i f f u s i v i t y  v a l u e s  were 
observed between t h e  adsorben t s .  The f ixed-bed f i l m  t r a n s f e r  
c o e f f i c i e n t s  f o r  t h e  s y n t h e t i c  a d s o r b e n t s  could  n o t  be . 
e s t i m a t e d  a c c u r a t e l y  by a l i t e r a t u r e  c o r r e l a t i o n ,  and a 
procedure  f o r  a d j u s t i n g  t h e  coef f  i c i s n t s  us ing  b a t c h  
k i n e t i c  r e s u l t s  was demonst ra ted .  
Four carbons  were modeled by Westerrnark (1975) i n  
t h e  t r e a t r e n t  of coagu la ted  and f i l t e r e d  secondary e f f l u e n t  
made s t e r i l e  by t h e  a d d i t i o n  o f  s i l v e r  s u l f a t e .  The waste-  
w a t e r  contaminants  were cons ide red  t o  be a  s i n g l e  component 
r e p r e s e n t e d  a s  chemical  oxygen demand. The model was f i t t e d  
t o  t h e  fixed-bed exper imenta l  d a t a ,  which had been c o r r e c t e d  
f o r  nonadsorbab1.e and "extremely adsorbab le"  compounds, by 
v a r y i n g  va lues  o f  t h e  i so therm c o n s t a n t  ( a  l i n e a r  i so the rm 
was used a s  an  approximation)  and t h e  pore  d i f f u s i v i t y .  
The f i l m  t r a n s f e r  c o e f f i c i e n t  was e s t i m a t e d  from o t h e r  f ixed-  
bed exce r imen t s .  Po re  d i f f u s i v i t i e s  f o r  t h e  ca rbons  ranged 
2 between 1 .2  x l o w 6  and 2.3 x  c m  /sec. 
3.2.2 M u l t i s o l u t e  Modeling 
Yathews (19 7 5 )  h a s  a p p l i e d  a s u r f a c e  (homogeneous 
s o l i d )  d i f f u s i o n  model t o  s i n g l e - s o l u t e  and b i s o l u t e  adsorp-  
t i o n  i n  a  f i n i t e - b a t c h  r e a c t o r .  The up take  by a c t i v a t e d  
ca rbon  o f  o r g a n i c  corcpounds, which e x h i b i  t e d  a  f a i r l y  wide 
range  i n  e q u i l i b r i u m  and k i n e t i c  b e h a v i o r ,  was modeled a t  a  
pH of 7 .  B i s o l u t e  e q u i l i b r i u m  d a t a  were used t o  a d j u s t  a  
b i s o l u t e  e x t e n s i o n  o f  t h e  th ree -pa rame te r  i s o t h e r m  o f  Radke 
and P r a u s n i t z  ( e q u a t i o n  1 8 )  . F i l m  t r a n s f e r  c o e f f i c i e n t s  
and s u r f a c e  d i f f u s i v i t i e s  were e s t i m a t e d  by a  pa rame te r  . 
s e a r c h  t e c h n i q u e  t h a t  f i t  t h e  model t o  s i n g l e - s o l u t e  r a t e  
d a t a ,  and t h e s e  v a l u e s  were t h e n  used  t o  p r e d i c t  b i s o l u t e  
dynamics.  Runs w i t h  a  m i x t u r e  o f  pheno l  and p - t o l u e n e  s u l f o -  
n a t e  were w e l l  p r e d i c t e d  by t h e  model. Data from a  phenol  
and p-bromophenol m i x t u r e  were n o t  so w e l l  p r e d i c t e d ,  b u t  
t h i s  was though t  t o  be a t t r i b u t a b l e  t o  a n  i n a d e q u a t e  
d e s c r i p t i o n  o f  t h e  b i s o l u t e  e q u i l i b r i u m .  The model p o o r l y  
p r e d i c t e d  t h e  results  from a m i x t u r e  o f  pheno l  and dodecyl  
benzene s u l f o n a t e ,  t h e  a c t u a l  r a t e  o f  a d s o r p t i o n  b e i n g  g r e a t e r  
t h a n  p r e d i c t e d  f o r  t h e  s u l f o n a t e  ( t h e  s l o w e r  d i f f u s e r  o f  t h e  
two s p e c i e s )  and s l o w e r  than  p r e d i c t e d  f o r  pheno l .  Apparent ly  
s o l u t e - s o l u t e  i n t e r a c t i o n s  were a f f e c t i n g  t h e  k i n e t i c s  s i n c e  
t h e  two s o l u t e s  had  v e r y  d i f f e r e n t  r a t e  s a r a m e t e r s .  By 
chang ing  t h e  f i l m  c o e f f i c i e n t s  b u t  m a i n t a i n i n g  t h e  s a n e  
d i f f u s i v i t i e s ,  S e t t e r  p r e d i c t i o n s  w e r e  o b t a i n e d .  
S i n g l e - s o l u t e  and b i s o l u t e  a d s o r p t i o n  i n  a  f i x e d  
bed h a s  been r e s e a r c h e d  by C r i t t e n d e n  (1976)  and C r i t t e n d e n  
and  Weber (1978a,  1978b,  1978c ,  1978d)  u s i n g  t h e  homogeneous 
s o l i d  d i f f u s i o n  model w i t h  t h e  i n c l u s i o n  o f  f i l m  r e s i s t a n c e .  
The e x p e r i m e n t s  u t i l i z e d  t h e  same ca rbon  and a d s o r b a t e s  
a s  Mathews ( 1 9 7 5 ) .  S u r f a c e  d i f f u s i v i t i e s  f o r  t h e  f i x e d -  
bed work w e r e  e s t i m a t e d  f rom s i n g l e - s o l u t e  b a t c h  e x p e r i m e n t s  
w h i l e  f i l m  t r a n s f e r  c o e f f i c i e n t s  w e r e  o b t a i n e d  by c o r r e l a -  
t i o n s  found i n  t h e  l i t e r a t u r e .  A l l  column r u n s  were con- 
d u c t e d  w i t h  f l u c t u a t i n g  i n f l u e n t  c o n c e n t r a t i o n s  ( +  2 0 % ) .  
The k i n e t i c  model a c c u r a t e l y  s i m u l a t e d  t h e  a d s o r p t i o n  o f  
t h e  s i n g l e  s o l u t e s  b u t  was n o t  a s  s u c c e s s f u l  w i t h  t h e  - 
b i s o l u t e  sys t ems .  P o s s i b l e  e x p l a n a t i o n s  g i v e n  f o r  t h e  d i s -  
c r e p a n c y  i n  t h e  p r e d i c t e d  and  e x p e r i m e n t a l  r e s u l t s  o f  t h e  
b i s o l u t e  work w e r e :  1) e x p e r i m e n t a l  d a t a  s c a t t e r ,  
2 )  poor  e q u i l i b r i u m  d e s c r i p t i o n ,  i n c l u d i n g  e q u i l i b r i u m  
h y s t e r e s i s ,  and 3 )  breakdown o f  t h e  a s sumpt ion  o f  i nde -  
p e n d e n t l y  d i f f u s i n g  s p e c i e s .  I t  was n o t e d  t h a t  f o r  a  mix- 
t u r e  c o n t a i n i n g  s p e c i e s  h a v i n g  v a s t l y  d i f f e r e n t  r a t e  param- 
e t e r s , .  t h e  b e s t  s t a t i s t i c a l  f i t  o f  t h e  model t o  t h e  d a t a  
o c c u r r e d  when t h e  lower  s i n g l e - s o l u t e  v a l u e s  o f  t h e  f i l m  
c o e f f i c i e n t  and  s u r f a c e  d i f f u s i v i t y  w e r e  assumed t o  a p p l y  t o  
b o t h  s o l u t e s .  
C r i t t e n d e n  e t  a l .  (1980)  a p p l i e d  t h e  model o f  
homogeneous s o l i d  d i f f u s i o n  w i t h  f i l m  t r a n s f e r  t o  t h e  
a d s o r p t i o n  of  p - n i t r o p h e n o l  (PNP) and p-bromophenol (PBP) 
o n t o  a  bed o f  D u o l i t e  A-7 r e s i n .  With f i l m  t r a n s f e r  c o e f f i -  
c i e n t s  e s t i m a t e d  from a  l i t e r a t u r e  c o r r e l a t i o n  and e q u i l i b -  
r i u m  found t o  conform t o  t h e  Langmuir c o m p e t i t i v e  i s o t h e r m  
e q u a t i o n ,  s u r f a c e  d i f f u s i v i t i e s  were de t e rmined  by f i t t i n g  
t h e  model t o  e x p e r i m e n t a l  bed d a t a  f o r  t h e  s i m u l t a n e o u s  
f e e d i n g  o f  t h e  two s o l u t e s .  Column r u n s  f o r  t h e  s e q u e n t i a l  
f e e d i n g  (PNP fo l lowed by PNP and PBP; PBP fo l lowed  by PBP 
and PNP) o f  t h e  s o l u t e s  t h e n  were p r e d i c t e d .  The agreement  
between t h e  model and t h e  d a t a  f o r  t h e  s e q u e n t i a l  f e e d i n g s  
was s a t i s f a c t o r y ;  d i s c r e p a n c i e s  w e r e  t h o u g h t  t o  be due 
l a r g e l y  t o  c a p a c i t y  changes  t h a t  o c c u r r e d  d u r i n g  r e g e n e r a t i o n  
of  t h e  r e s i n  between r u n s .  
L i a p i s  and  Rippin  (1977)  have p r e s e n t e d  g e n e r a l  
e q u a t i o n s  d e s c r i b i n g  mult icomponent  a d s o r p t i o n  i n  a  f i n i t e  
b a t c h  r e a c t o r .  Both f i l m  and i n t r a p a r t i c l e  r e s i s t a n c e s  
were i n c l u d e d ,  and  t h e  i n t r a p a r t i c l e  r e s i s t a n c e  c o u l d  r e s u l t  
from p o r e ,  s u r f a c e  o r  combined d i f f u s i o n .  A s o l u t e  
c o u l d  be assumed t o  d i f f u s e  w i t h i n  t h e  a d s o r b e n t  e i t h e r  
i n d e p e n d e n t l y  o f  ( d i l u t e  s o l u t i o n ) ,  o r  w i t h  a  dependence on ,  
t h e  o t h e r  s o l u t e s .  Numerical s o l u t i o n s  f o r  b i s o l u t e  
a d s o r p t i o n  w i t h  p o r e  o r  s u r f a c e  d i f f u s i o n  w e r e  fo rmula t ed  
f o r  t h e  c a s e  o f  i n d e p e n d e n t l y  d i f f u s i n g  s o l u t e s .  The 
models w e r e  t e s t e d  on e x p e r i m e n t a l  d a t a  f o r  t h e  s e p a r a t e  
and b i n a r y  a d s o r p t i o n  o f  2-butanol  and t-amyl a l c o h o l  from 
aqueous s o l u t i o n  o n t o  an a c t i v a t e d  c a r b o n .  The s i n g l e -  
s o l u t e  e q u i l i b r i u m  d a t a  conformed t o  t h e  F r e u n d l i c h  e q u a t i o n  
( 2  2 . 7 % ) ,  and  t h e  b i s o l u t e  d a t a  conformed t o  t h e  F r i t z  and 
S c h l u n d e r  model ( 2  4 . 4 % ) .  F i l m  t r a n s f e r  c o e f f i c i e n t s  were 
e s t i m a t e d  f rom l i t e r a t u r e  c o r r e l a t i o n s ;  t h e  d i f f u s i v i t i e s  
were e s t i m a t e d  by a  t r i a l  and e r r o r  s u p e r p o s i t i o n  o f  t h e  
models  t o  t h e  e x p e r i m e n t a l  d a t a .  Both models  gave  n e a r l y  
p e r f e c t  f i t s  t o  t h e  d a t a ,  and t h e  a s sumpt ion  o f  i n d e p e n d e n t l y  
d i f f u s i n g  s p e c i e s  seemed v a l i d .  However, p o r e  d i f f u s i v i t i e s  
were a p p a r e n t l y  a f f e c t e d  by s o l u t i o n  c o n c e n t r a t i o n ,  t h e  
d i f f u s i v i t y  d e c r e a s i n g  w i t h  i n c r e a s i n g  s t a r t i n g  c o n c e n t r a -  
t i o n .  The s u r f a c e  d i f f u s i v i t i e s  were, w i t h i n  e x p e r i m e n t a l  
e r r o r ,  u n a f f e c t e d  by t h e  s o l u t i o n  c o n c e n t r a t i o n .  
L i a p i s  and R ipp in  (1978)  a l s o  s t u d i e d  t h e  b ina ry .  
a d s o r p t i o n  o f  t h e  two a l c o h o l s  w i t h  a  f i xed -bed  model t h a t  
a c c o u n t e d  f o r  f i l m  r e s i s t a n c e ,  p o r e  d i f f u s i o n ,  and a x i a l  
d i s p e r s i o n .  The model p r e d i c t i o n s  w i t h  d i f f u s i v i t i e s  from 
b a t c h  e x p e r i m e n t s  were good,  a l t h o u g h  t h e r e  was soms d i f f i -  
c u l t y  i n  a c c u r a t e l y  p r e d i c t i n g  t h e  o v e r s h o o t  o f  t h e  weaker 
a d s o r b e d  s p e c i e s .  I n c r e a s e d  bed l e n g t h  was o b s e r v e d  t o  
i n d u c e  a  l a r g e r  d i s p l a c e m e n t  o f  t h i s  s p e c i e s .  The e f f e c t  
o f  u n c e r t a i n t i e s  i n  t h e  a c c u r a c y  o f  t h e  d i f f u s i v i t i e s  and 
o f  f i l m  t r a n s f e r  c o r r e l a t i o n s  was n o t e d .  
F r i t z  e t  a l .  (1980)  i n v e s t i g a t e d  t h e  a d s o r p t i o n  o f  
s e v e r a l  p h e n o l i c  compounds by a c t i v a t e d  c a r b o n  i n  s i n g l e -  
s o l u t e  and b i s o l u t e  sys t ems .  S i n g l e - s o l u t e  e q u i l i b r i u m  d a t a  
were f i t  t o  a  series o f  F r e u n d l i c h  e q u a t i o n s  w h i l e  b i s o l u t e  
e q u i l i b r i u m  was d e s c r i b e d  by IAS t h e o r y  o r  t h e  F r i t z  and 
~ c h l u n d e r  e q u a t i o n .  The k i n e t i c  models i n v o l v e d  b o t h  f i l m  
and i n t r a p a r t i c l e  t r a n s p o r t ,  t h e  l a t t e r  b e i n g  e i t h e r  p o r e  
o r  homogeneous s o l i d  d i f f u s i o n .  I n  s i n g l e - s o l u t e  b a t c h  
experime'nts  a  c o n c e n t r a t i o n  dependence on t h e  d i f f u s i v i t y  
was n o t e d  f o r  b o t h  t h e  p o r e  and s u r f a c e  models ,  b u t  con- 
s t a n t  d i f f u s i v i t i e s  w e r e  used  i n  a l l  o f  t h e  model ing .  An 
i n t e r e s t i n g  f i n d i n g  i n  t h e  b i s o l u t e  column work was t h a t  f o r  
low i n f l u e n t  c o n c e n t r a t i o n s  (1 x l o e 4  m o l e s / l i t e r ) ,  a  
s i m p l e  f i l m  r e s i s t a n c e  model was s a t i s f a c t o r y .  A t  h i g h e r  
c o n c e n t r a t i o n s  i n t r a p a r t i c l e  t r a n s p o r t  had t o  be i n c l u d e d ,  
b u t  even  t h e n  t h e  p r e d i c t i o n s  i n  some c a s e s  d e v i a t e d  from 
t h e  d a t a .  T h i s  d e v i a t i o n  was a t t r i b u t e d  t o  d i f f u s i o n a l .  
i n t e r a c t i o n s  between t h e  two s o l u t e s .  The s u r f a c e  
d i f f u s i o n  model t h u s  was m o d i f i e d  by t h e  i n t r o d u c t i o n  o f  
a n  e x t e n d e d  form o f  F i c k ' s  f i r s t  l aw such  t h a t  t h e  d i f f u s i o n  
o f  e a c h  s o l u t e  was a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  g r a -  
d i e n t s  o f  b o t h  s o l u t e s .  With t h i s  m o d i f i c a t i o n  t h e  a g r e e -  
ment between e x p e r i m e n t a l  and p r e d i c t e d  v a l u e s  was improved. 
Much o f  t h e  work p r e s e n t e d  by F r i t z  e t  a l .  (1980)  
o r i g i n a l l y  a p p e a r e d  i n  t h e  t h e s i s  by Merk ( 1 9 7 8 ) .  A d d i t i o n a l  
work i n  t h i s  t h e s i s  i n c l u d e d  s a t u r a t i n g  a  c a r b o n  bed w i t h  
one compound and  t h e n  model ing  t h e  e f f l u e n t  t h a t  r e s u l t e d  
f rom i n t r o d u c i n g  a )  an i n f l u e n t  f r e e  o f  t h e  compound, b )  a n  
i n f l u e n t  c o n t a i n i n g  a  second  compound, o r  c )  a n  i n f l u e n t  con- 
t a i n i n g  t h e  f i r s t  and  second compounds. 
A mic roco re /mac roshe l l  model was c o n s t r u c t e d  by 
Famularo e t  a l .  (1980)  t o  r e p r e s e n t  d i f f u s i o n  t h r o u g h  a n  
a d s o r b e n t  p o s s e s s i n g  a  bimodal  p o r e  s i z e  d i s t r i b u t i o n .  
An a d s o r b e n t  p a r t i c l e  was d i v i d e d  i n t o  two r e g i o n s ,  a  sphe r -  
i c a l  c o r e  w i t h  mic ropores  e n c l o s e d  by a n  a n n u l a r  s h e l l  w i t h  
macropores ;  and t h e  t r a n s p o r t  t h r o u g h  e a c h  r e g i o n  was 
r e p r e s e n t e d  by a  l i n e a r  d r i v i n g  f o r c e .  F i l m  r e s i s t a n c e  
was a l s o  i n c o r p o r a t e d  i n t o  t h e  model. K i n e t i c  p a r a m e t e r s  
were de t e rmined  f o r  pheno l  and p - n i t r o p h e n o l  w i t h  one c a r b o n  
by s i n g l e - s o l u t e  b a t c h  tests and p r e v i o u s l y  de t e rmined  i s o -  
therms .  These p a r a m e t e r s ,  w i t h  a d j u s t m e n t ,  were employed 
t o  p r e d i c t  column r u n s  f o r  pheno l  and t h e  b i s o l u t e  m i x t u r e .  
A s  opposed t o  t h e  more c o n v e n t i o n a l  s u r f a c e  and p o r e  d i f f u -  
s i o n  models w i t h  f i l m  t r a n s f e r ,  t h i s  model h a s  t h e  d i s a d -  
v a n t a g e  o f  r e q u i r i n g  f o u r  k i n e t i c  p a r a m e t e r s  f o r  e a c h  s o l u t e  
i n s t e a d  o f  two. Fu r the rmore ,  i t  i s  n o t  c l e a r  how t h e  model 
c o u l d  be a l t e r e d  t o  a c c o u n t  f o r  k i n e t i c  i n t e r a c t i o n s  between 
s o l u t e s  w i t h i n  t h e  ca rbon  p a r t i c l e .  
4 .  SCOPE OF STUDY 
The scope  o f  s t u d y  was deve loped  t o  m e e t  t h e  o b j e c t i v e s  
g i v e n  i n  S e c t i o n  1 . 2 .  A m a t h e m a t i c a l  model o f  a d s o r p t i o n  
k i n e t i c s  t h a t  c o n s i d e r e d  t h e  r a t e  o f  a d s o r p t i o n  t o  b e  mass 
t r a n s f e r  l i m i t e d  was employed t o  d e s c r i b e  t h e  a d s o r p t i o n  
p r o c e s s .  F i l m  t r a n s f e r  and homogeneous s u r f a c e  d i f f u s i o n  were 
assumed t o  b e t h e m a s s  t r a n s f e r  s t e p s .  Model e q u a t i o n s w e r e  
s o l v e d  w i t h  t h e  t e c h n i q u e  o f  o r t h o g o n a l  c o l l o c a t i o n ,  which 
was checked  f o r  a c c u r a c y  a g a i n s t  a n a l y t i c a l  s o l u t i o n s  o f  
s i m p l i f i e d  models .  
Four  a c t i v a t e d  c a r b o n s  and a  c o a l  g a s i f i c a t i o n  c h a r  w e r e  
c h o s e n  as a d s o r b e n t s  t o  p r o v i d e  f o r  a  r a n g e  o f  a d s o r p t i v e  
pe r fo rmance .  One o f  t h e  c a r b o n s  was p r e t r e a t e d  w i t h  aqueous 
c h l o r i n e  t o  e v a l u a t e  t h e  e f f e c t  o f  c h l o r i n e  e x p o s u r e  on 
a d s o r p t i o n .  Coa l  c h a r s ,  s o l i d  r e s i d u e  f rom c o a l  g a s i f i c a t i o n  
p r o c e s s e s ,  may b e  u t i l i z e d  a s  a d s o r b e n t s  i n  t h e  f u t u r e .  
The s o l u t e s  s t u d i e d  i n  t h e  l a b o r a t o r y  w e r e  t h e  dye  rhodamine 
6G (R6G) and t h e  r e l a t i v e l y  s m a l l e r  s p e c i e s  3 ,5 -d ime thy lpheno l  
(DMP) and 3 , 5 - d i c h l o r o p h e n o l  (DCP) . A c t i v a t e d  c a r b o n  h a s  
been employed t o  remove p h e n o l s  and  d y e s  f rom w a t e r  and  
w a s t e w a t e r .  
Batch e q u i l i b r i u m  s t u d i e s  were conduc ted  t o  d e t e r m i n e  
t h e  c a p a c i t i e s  o f  t h e  a d s o r b e n t s  f o r  t h e  s i n g l e  s o l u t e s  and 
f o r  t h e  b i s o l u t e  m i x t u r e  o f  DMP and DCP i n  o r d e r  t o  p r o v i d e  
e q u i l i b r i u m  i n p u t s  t o  t h e  k i n e t i c  model .  Ba tch  r a t e  t e s t s  
w e r e  c a r r i e d  o u t  on t h e  s i n g l e  s o l u t e s  t o  o b t a i n  d a t a  f o r  
e s t i m a t i n g  s u r f a c e  d i f f u s i v i t i e s  w i t h  t h e  b a t c h  k i n e t i c  model. 
These  s u r f a c e  d i f f u s i v i t i e s ,  a l o n g  w i t h  f i l m  t r a n s f e r  c o e f f i -  
c i e n t s  c a l c u l a t e d  from a  c o r r e l a t i o n  i n  t h e  l i t e r a t u r e ,  w e r e  
t h e  k i n e t i c  i n p u t s  t o  t h e  f i xed -bed  model.  
S e v e r a l  s i n g l e - s o l u t e  and b i s o l u t e  column expe r imen t s  
w e r e  performed t o  f u r n i s h  a  b a s i s  f o r  model v e r i f i c a t i o n .  
Most of t h e  e x p e r i m e n t s  i n v o l v e d  a  s u s t a i n e d  s t e p  change i n  
i n f l u e n t  c o n c e n t r a t i o n  i n  o r d e r  t o  judge  t h e  c a p a b i l i t y  of  
t h e  model t o  p r e d i c t  t h e  column r e s p o n s e  and  t o  d e s c r i b e  t h e  
p r o c e s s  o f  d e s o r p t i o n .  
The per formance  o f  t h e  a d s o r b e n t s  were compared under  
i d e n t i c a l  c o n d i t i o n s  f o r  s i n g l e - s o l u t e  and b i s o l u t e  a d s o r p t i o n  
w i t h  t h e  f ixed-bed  model. Model s e n s i t i v i t y  a n a l y s e s  w e r e  
done t o  a s s e s s  t h e  impor t ance  o f  e q u i l i b r i u m  and k i n e t i c s  
(mass t r a n s f e r )  on t h e  b reak th rough  c u r v e .  
F a c t o r s  a f f e c t i n g  d e s o r p t i o n  w e r e  i n v e s t i g a t e d  w i t h  t h e  
f ixed-bed  model. E q u i l i b r i u m  and k i n e t i c  i n f o r m a t i o n  o f  
Weber e t  a 1  . (1977)  f o r  c h l o r o f o r m  and bromodichloromethane,  
two s p e c i e s  o f  c u r r e n t  c o n c e r n  t o  t h e  w a t e r  t r e a t m e n t  indus-  
t r y ,  were u t i l i z e d  i n  t h i s  p o r t i o n  o f  t h e  r e s e a r c h .  F o r  
d e s o r p t i o n  caused  by a  r e d u c t i o n  i n  i n f l u e n t  c o n c e n t r a t i o n ,  
t h e  e f f e c t  o f  t h e  mass t r a n s f e r  c o e f f i c i e n t s ,  e q u i l i b r i u m  
c a p a c i t y  and p r o c e s s  v a r i a b l e s  (bed l e n g t h ,  f l ow r a t e  and 
a d s o r b e n t  p a r t i c l e  s i z e )  on t h e  shape  o f  t h e  d e s o r p t i o n  c u r v e  
was s t u d i e d .  The i n f l u e n c e  o f  t h e  mass t r a n s f e r  c o e f f i c i e n t s  
and p r o c e s s  v a r i a b l e s  on  t h e  ch roma tograph ic  o v e r s h o o t  t h a t  
o c c u r s  due  t o  c o m p e t i t i o n  was examined a l s o .  Under cond i -  
t i o n s  app rox ima t ing  a n  a c t u a l  t r e a t m e n t  sys t em,  a comparison 
of d e s o r p t i o n  d u e  t o  a r e d u c t i o n  i n  i n f l u e n t  c o n c e n t r a t i o n  and 
d e s o r p t i o n  due  t o  c o m p e t i t i o n  was made. 
5. EXPERIMENTAL MATERIALS AIJD METHODS 
5 . 1  M a t e r i a l s  
5 .1 .1  S o l u t e s  
Three s o l u t e s  were chosen f o r  t h i s  s t u d y :  
3 , 5 - d i m e t h ~ l ~ h e n o l  (DMP), 3 ,5 -d ich1oropheno l  (DCP) and 
rhodamine 6G (R6G). Phenols  a r e  common p o l l u t a n t s  i n  w a t e r  
and was tewa te r ,  and DMP h a s  been i d e n t i f i e d  i n  c o a l  g a s i f i -  
c a t i o n  was tewa te r  (Ho ,et  a l . ,  1976)  . The R6G i s  a  w a t e r  
s o l u b l e  r e d  dye ,  and a c t i v a t e d  ca rbon  i s  used  i n  t r e a t i n g  
dye w a s t e s .  
C h a r a c t e r i s t i c s  o f  t h e  s o l u t e s  a r e  g i v e n  i n  Table  1. 
The two pheno l s  are q u i t e  s i m i l a r  i n  size and shape  whereas  
t h e  dye molecule  i s  somewhat l a r g e r .  The DMP and R6G were 
, o b t a i n e d  from t h e  Eastman Kodak Company (Roches t e r ,  N Y ) .  
The DCP was manufactured by t h e  A l d r i c h  Chemical Company 
(Milwaukee, W I  ) . 
A l l  s o l u t i o n s  were p r e p a r e d  w i t h  d e i o n i z e d  w a t e r  
and c o n t a i n e d  a  0.05 M phosphate  b u f f e r  (6 .8  g  KH2POq and 
0.22 g  NaOH p e r  l i t e r )  t o  m a i n t a i n  t h e  pH a t  a  v a l u e  o f  6 .  
A t  t h i s  pH t h e  two p h e n o l i c  compounds were p r e s e n t  i n  t h e i r  
n e u t r a l  form. 
Tab le  1. P r o p e r t i e s  o f  S e l e c t e d  S o l u t e s  
S o l u t e  Formula 
Molecular  
Weight PKa 
rhodamine 6 G  
( R 6 G )  
5.1 .2  Adsorbents  
Four a c t i v a t e d  c a r b o n s  and one c o a l  g a s i f i c a t i o n  
c h a r  were s e l e c t e d  a s  t h e  a d s o r b e n t s  i n  t h i s  s t u d y .  I n  
a d d i t i o n ,  a  p o r t i o n  o f  one  o f  t h e  c a r b o n s ,  t h e  80317, was 
p r e t r e a t e d  w i t h  a  f r e e  c h l o r i n e  s o l u t i o n  b e f o r e  u s e .  The 
c h a r ,  a  s o l i d  r e s i d u e  from t h e  Synthane c o a l  g a s i f i c a t i o n  
p r o c e s s ,  i s  o f  i n t e r e s t  s i n c e  c o a l  g a s i f i c a t i o n  c h a r s  have 
been proposed a s  a d s o r b e n t s  t o  t r e a t  c o a l  g a s i f i c a t i o n  waste- 
w a t e r  i n  p a r t i c u l a r  and w a t e r s  and was tewa te r s  i n  g e n e r a l  
( O f f i c e  o f  Coal Research,  1969; Johnson e t  a l . , 1 9 7 7 ) .  
The a d s o r b e n t s  and t h e i r  c h a r a c t e r i s t i c s  a r e  l i s t e d  
i n  Table  2. A v a r i e t y  o f  c o a l s  s e r v e d  a s  s t a r t i n g  o r  raw 
m a t e r i a l s .  The raw m a t e r i a l  and t h e  t y p e  and degree  o f  
a c t i v a t i o n  de te rmine  t h e  p h y s i c a l  p r o p e r t i e s  o f  a  carbon.  
The bulk  d e n s i t i e s  o f  t h e  a d s o r b e n t s ,  which range from 
0.382 t o  0.529 g /cc ,  must be c o n s i d e r e d  when s i z i n g  an  
a d s o r p t i o n  bed. The s u r f a c e  a r e a s  by t h e  BET n i t r o g e n  
method v a r y  from 408 t o  1075 mL/g ,  and t h e  s u r f a c e  a r e a  o f  
t h e  c h a r  i s  lower t h a n  t h a t  normal ly  found f o r  a c t i v a t e d  
ca rbons .  The t o t a l  p o r e  volumes ( p o r e s  less  t h a n  l o 5  
r a d i u s )  o f  t h e  ca rbons  range  from 0.612 t o  1 .071  cc/g.  The 
80317 and F-400 ca rbons  have b o t h  a  h i g h  s u r f a c e  a r e a  and 
a  l a r g e  t o t a l  p o r e  volume whereas t h e  WV-W carbon has  a  
moderate  s u r f a c e  a r e a  and a s m a l l  t o t a l  po re  volume. The 
T a b l e  2 .  S e l e c t e d  A d s o r b e n t s  and  T h e i r  C h a r a c t e r i s t i c s  
Bulk  S u r f  ace T o t a l  P o r e  
U.S. S t d .  Raw D e n s i t y  A r e  a Vo 1 ume 
A d s o r b e n t s  M a n u f a c t u r e r  Mesh S i z e  M a t e r i a l  (S/CC) (m2/g) ( c c / g )  
HD- 300 0  
Ca lgon  Corp.  20 x 30 Bi tuminous  Coa l  0 .391  1075  
Carborundum 30 x 40 Sub-b i tuminous  0.426 1059 
Co. C o a l  
I C I  A m e r i c a  30 x 40 L i g n i t e  C o a l  0.382 59 5  
I n c .  
WV- W Westvaco 20 x 40 Bi tuminous  C o a l  0.529 861  
Char  Syn thane  30 x 40 Montana 0.526 408 
P r o c e s s  Sub-b i tuminous  
C o a l  
S u r f a c e  a r e a  and  p o r e  s i z e  d i s t r i b u t i o n  d a t a  o f  t h e  c a r b o n s  p r o v i d e d  by  Carborundum 
Company. 
low s u r f a c e  a r e a  and l a r g e  p o r e  volume e x h i b i t e d  by t h e  
HD-3000 ca rbon  i s  i n d i c a t i v e  of  a  h i g h l y  deve loped  macropore 
s t r u c t u r e .  
The po re  s i z e  d i s t r i b u t i o n s  i n  F i g u r e  1 p r e s e n t  a  
d e t a i l e d  d e s c r i p t i o n o f t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  f o u r  
c a r b o n s .  The F-400 ca rbon  h a s  a  f a i r l y  even  d i s t r i b u t i o n  
o f  p o r e  s i z e s .  The 80317 i s  a  ca rbon  hav ing  p r a c t i c a l l y  a l l  
0 
o f  i t s  pore  volume i n  p o r e s  w i t h  r a d i i  less t h a n  100 A and 
0 
g r e a t e r  t h a n  1000 A. The HD-3000 ca rbon  h a s  a  m a j o r i t y  o f  
0 
i t s  pore  volume i n  p o r e s  w i t h  r a d i i  g r e a t e r  t h a n  20 A.  I n  
c o n t r a s t ,  t h e  WV-W ca rbon  p o s s e s s e s  r e l a t i v e l y  l i t t l e  p o r e  
0 
volume above 10  A po re  r a d i u s .  I n f o r m a t i o n  on t h e  t o t a l  
p o r e  volume and t h e  p o r e  s i z e  d i s t r i b u t i o n  o f  t h e  c h a r  was 
n o t  a v a i l a b l e .  
The ca rbons  were p r e p a r e d  by g r i n d i n g  t h e  p a r t i c l e s  
and t h e n  s i ev . ing  t o  o b t a i n  t h e  d e s i r e d  mesh s i z e  r ange  shown 
i n  T a b l e  2. They w e r e  t h e n  washed w i t h  d e i o n i z e d  w a t e r  t o  
remove f i n e s  and  d r i e d  a t  llOOc b e f o r e  u s e .  The c h a r  was 
s i m i l a r l y  p r e p a r e d  e x c e p t  t h a t  g r i n d i n g  was n o t  r e q u i r e d .  
The c h l o r i n e  p r e t r e a t m e n t  o f  t h e  80317 ca rbon  was 
conducted  by p l a c i n g  a  50 g  sample o f  t h e  p r e p a r e d  30 x  40 
mesh ca rbon  i n t o  a  b e a k e r  o f  r a p i d l y  s t i r r e d  w a t e r  and 
s l o w l y a d d i n g  a  c o n c e n t r a t e d  f r e e  c h l o r i n e  s o l u t i o n  w i t h  a  
b u r e t .  The c h l o r i n e  c o n c e n t r a t i o n  i n  t h e  beake r  was neve r  
a l lowed  t o  go above 70 mg/l a s  C 1 2  and was u s u a l l y  under  
25 mg/l. A f t e r  t h e  r e a c t i o n  was c a r r i e d  o u t  t o  an e x t e n t  
Cumulative Pore Volume, cc/g 
o f  0 . 3  g as C12/g carbon r e a c t e d ,  t h e  ca rbon  was washed and 
d r i e d .  I t  was t h e n  r e s i e v e d  ( t o  e n s u r e  t h a t  s i g n i f i c a n t  
p a r t i c l e  a t t r i t i o n  had  n o t  t a k e n  p l a c e ) ,  washed and d r i e d .  
T h i s  p r e t r e a t e d  ca rbon  was d e s i g n a t e d  a s  80317-C1 and w a s  
found t o  have t h e  same bu lk  d e n s i t y  a s  t h e  u n t r e a t e d  80317 
ca rbon .  The p rocedure  was r e p e a t e d  w i t h  a n o t h e r  sample o f  
t h e  80317 ca rbon ,  a l t h o u g h  t h i s  t i m e  no c h l o r i n e  w a s  added.  
T h i s  second sample o f  ca rbon  was d e s i g n a t e d  a s  80317-con t ro l . .  
5.2 Methods 
5 . 2 . 1  A n a l y t i c a l  Measurements 
The s o l u t i o n  c o n c e n t r a t i o n s  o f  t h e  t h r e e  o r g a n i c  
compounds were a n a l y z e d  by u l t r a v i o l e t / v i s i b l e  l i g h t  absorp-  
t i o n  w i t h  a Beckman Acta I11 s p e c t r o p h o t o m e t e r .  The wave- 
l e n g t h s  employed and t h e  molar  a b s o r p t i v i t i e s  a r e  shown i n  
T a b l e  3 .  When s i n g l y  i n  s o l u t i o n  t h e  DMP was measured a t  
a wavelength  o f  272 nm, and t h e  DCP was measured a t  277 nm. 
When t h e  pheno l s  were t o g e t h e r  a s  a m i x t u r e ,  bo th  wave- 
l e n g t h s  were used  i n  o r d e r  t o  measure t h e  i n d i v i d u a l  concen- 
t r a t i o n s  ( W i l l a r d  e t  a l . ,  1974)  . 
The wavelength chosen t o  a n a l y z e  a sample o f  R6G 
w a s  dependen t  on t h e  s t r e n g t h  o f  t h e  s o l u t i o n .  C a r e  w a s  
t a k e n  i n  t h e  a n a l y s i s  o f  t h e  R6G t o  r i n s e  t h e  c u v e t t e  w i t h  
95% e t h a n o l  between r e a d i n g s  s i n c e  t h e  dye would a d h e r e  
s l i g h t l y  t o  t h e  w a l l s .  
LZS S9P OZP LLZ ZLZ 
(mu) yq6ua~aae~ aWToS 
saqnTos go (m3-a~om/~) sarqra~qdxosw x-e~ow -E aTqeL 
5.2.2 Batch E q u i l i b r i u m  Exper iments  
Capac i ty  d a t a  were g a t h e r e d  by t h e  s t a n d a r d  b a t c h  
t e c h n i q u e  o f  c o n t a c t i n g  a  s o l u t i o n  o f  known i n i t i a l  
c o n c e n t r a t i o n  w i t h  d i f f e r e n t  amounts o f  an  a d s o r b e n t  u n t i l  
e q u i l i b r i u m  was ach ieved .  The a d s o r b e n t s  were ground t o  
a  powder b e f o r e  u s e  t o  r educe  t h e  t ime t o e q u i l i b r i u m .  D i f f e r -  
e n t  amounts o f  an a d s o r b e n t  were weighed i n t o  250 m l  
French  s q u a r e  b o t t l e s ,  and a  200 m l  a l i q u o t  o f  s o l u t i o n  
was added t o  e a c h  o f  t h e s e  b o t t l e s  a s  w e l l  a s  t o  a t  l e a s t  
t h r e e  o t h e r s  t o  s e r v e  a s  b l a n k s .  Each i s o t h e r m  was 
developed  w i t h  a t  l e a s t  t w o  s t a r t i n g  s o l u t i o n  c o n c e n t r a -  
t i o n s .  The b o t t l e s  were p l a c e d  on a  r o t a r y  s h a k e r  and 
mixed u n t i l  e q u i l i b r i u m  was a t t a i n e d .  ( E q u i l i b r i u m  was 
r eached  w i t h i n  4 days  f o r  t h e  pheno l s  and 6 d a y s  f o r  t h e  
R6G.) The powder t h e n  was removed by a  0.45 um HA X i l l i p o r e  
f i l t e r ,  and t h e  r e s i d u a l  c o n c e n t r a t i o n  i n  t h e  f i l t r a t e  
was ana lyzed .  Changes i n  s o l u t i o n  c o n c e n t r a t i o n  from t h e  
f i l t r a t i o n  s t e p  were accounted  f o r  by a n a l y z i n g  t e s t  s o l u -  
t i o n s  b e f o r e  and a f t e r  f i l t r a t i o n .  
5 .2 .3  Batch K i n e t i c  Experiments  
Each b a t c h  r a t e  exper iment  was conducted  w i t h  6 
l i t e r s  o f  s o l u t i o n  i n  a  c y l i n d r i c a l  Pyrex b a t t e r y  j a r .  
Mixing was p rov ided  by a  s t irrer  whose speed  was c o n t r o l l e d  
a t  approximate ly  1 1 0 0  rpm wi th  a  v a r i a b l e  t r ans fo rmer .  
For  each experiment ,  t r i p l i c a t e  samples were taken f o r  t h e  
d e t e r m i n a t i o n  o f  t h e  i n i t i a l  c o n c e n t r a t i o n ,  and then  a  
c a r e f u l l y  weighed amount of  g r a n u l a r  a d s o r b e n t  was added. 
Samples of  s o l u t i o n  were then  withdrawn p e r i o d i c a l l y  f o r  
a n a l y s i s .  
5 .2.4 Fixed-Bed Experiments 
A l l  f ixed-bed exper iments  u t i l i z e d  a g l a s s  column 
of  1 . 8 8  cm i n t e r n a l  d iameter  i n t o  which t h e  g r a n u l a r  
adsorben t  was packed. The p a r t i c l e  s i z e  of each adsorben t  
was t h e  same a s  t h a t  used i n  t h e  b a t c h  k i n e t i c  t e s t s .  
(See Table 2 . )  To avoid  r a d i a l  and a x i a l  d i s p e r s i o n ,  t h e  
r a t i o  of  column d iamete r  t o  average  p a r t i c l e  d iamete r  
was 26.3 o r  g r e a t e r ,  depending on t h e  a d s o r b e n t ,  whi le  t h e  
r a t i o  of  bed l e n g t h  t o  average  p a r t i c l e  d iamete r  was 100 
o r  g r e a t e r .  The column was o p e r a t e d  i n  an upflow mode, and 
t h e  f low r a t e  ( s u p e r f i c i a l  v e l o c i t y )  v a r i e d  between runs  from 
6.26 t o  1 1 . 0  m/hr (2.56 t o  4 .51  gpm/f t2 ) .  Samples of t h e  
i n f l u e n t  and e f f l u e n t  were analyzed t o  e s t a b l i s h  a  break- 
through curve .  When n o t  be ing sampled, t h e  e f f l u e n t  was 
c o l l e c t e d  i n  a  r e s e r v o i r  i n  c a s e  an o v e r a l l  mass ba lance  
was d e s i r e d .  
6. KINETIC MODEL 
6 . 1  Model S e l e c t i o n  
From a  l i t e r a t u r e  r e v i e w  one  can  conc lude  t h a t  e i t h e r  
a  p o r e  o r  s u r f a c e  d i f f u s i o n  n o d e l  might  a c c u r a t e l y  d e s c r i b e  
i n t r a p a r t i c l e  t r a n s p o r t .  I t  i s  o f  i n t e r e s t ,  n o n e t h e l e s s ,  
t o  u t i l i z e  a  model t h a t  i s  more l i k e l y  t o  be phenomenolog- 
i c a l l y  c o r r e c t .  
The d i f f u s i o n  models assume a  r a d i a l  m i g r a t i o n  o f  
a  s o l u t e  toward t h e  c e n t e r  o f  t h e  a d s o r b e n t  p a r t i c l e .  I n  
a c t u a l i t y ,  t h e  p o r e s  f u r n i s h  t o r t u o u s  p a t h s  such  t h a t  t h e  
r e a l  d i s t a n c e  t r a v e l e d  i s  g r e a t e r  t h a n  t h e  s t r a i g h t  l i n e  
t r a v e l  i n  t h e  r a d i a l  d i r e c t i o n .  Fu r the rmore ,  t h e  p o r e s  a r e  
o f  i r r e g u l a r  s i z e  arid c o n s t r i c t i o n s  may o f f e r  r e s i s t a n c e  
t o  d i f f u s i o n .  The measured d i f f u s i v i t y  i s  c o n s e q u e n t l y  
an e f f e c t i v e  one t h a t  should  be  less t h a n  t h e  a c t u a l .  
However, s e v e r a l  r e s e a r c h e r s  (DiGiano and Weber, 1973;  
Furusawa and Smith,  1973,  1974; Komiyarna and Smith,  1974; 
C a r t e r  and Husain,  1974;  Spahn and ~ c h l u n d e r ,  1975)  have 
o b t a i n e d  p o r e  d i f f u s i v i t i e s  t h a t  were, t a k i n g  i n t o  accoun t  
t o r t u o s i t y ,  g r e a t e r  t h a n  c o r r e s p o n d i n g  d i f f u s i v i t i e s  i n  bu lk  
s o l u t i o n .  A l o g i c a l  e x p l a n a t i o n  was t h a t  s u r f a c e  d i f f u s i o n  
was t a k i n g  p l a c e .  
C r i t t e n d e n  (1976)  and C r i t t e n d e n  and Weber (1978b) 
d i s c u s s e d  v a r i o u s  a s p e c t s  o f  i n t r a p a r t i c l e  t r a n s p o r t .  They 
n o t e  t h a t  t h e  s u r f a c e  d i f f u s i v i t y  i s  dependen t  on s o l u t e -  
s u r f a c e  a f f i n i t y .  A s t r o n g l y  adso rbed  s p e c i e s  i s  less 
l i k e l y  t o  m i g r a t e ,  b u t  t h i s  can  be  more t h a n  o f f s e t  by t h e  
l a r g e  s u r f a c e  c o n c e n t r a t i o n  g r a d i e n t .  The s u r f a c e  f l u x  
t h e n  i s  much g r e a t e r  t h a n  t h e  p o r e  f l u x .  They conc lude  t h a t  
f o r  f a v o r a b l y  adso rbed  s p e c i e s ,  i . e . ,  most  aqueous  o r g a n i c -  
a c t i v a t e d  ca rbon  sys t ems ,  s u r f a c e  d i f f u s i o n  i s  p r o b a b l y  
t h e  s i g n i f i c a n t  i n t r a p a r t i c l e  t r a n s p o r t  mechanism. 
N e r e t n i e k s  (1976b) p r e s e n t e d  a  method t o  d i s t i n g u i s h  
between p o r e  d i f f u s i o n  and s u r f a c e  d i f f u s i o n .  F o r  t h e  
s y s t e m s  i n v e s t i g a t e d  ( p h e n o l i c  t y p e  compounds and a c t i v a t e d  
c a r b o n s ) ,  s u r f a c e  d i f f u s i o n  was t h e  d e t e r m i n i n g  mechanism. 
Because o f  a p p r o x i m a t i o n s  i n  N e r e t n i e k s '  method and q u e s t i o n s  
r e g a r d i n g  t h e  e x p e r i m e n t a l  d a t a ,  however,  t h i s  work c a n n o t  
be c o n s i d e r e d  t o  be c o n c l u s i v e  p r o o f .  
Q u e s t i o n s  r e g a r d i n g  t h e  c o n t r i b u t i o n s  o f  s u r f a c e  
d i f f u s i o n  and  p o r e  d i f f u s i o n  t o  i n t r a p a r t i c l e  t r a n s p o r t  
remain ,  b u t  one  can  s u r m i s e  t h a t  s u r f a c e  d i f f u s i o n  i s  l i k e l y  
t o  be  t h e  ma jo r  mode o f  t r a n s p o r t .  The homogeneous s o l i d  
d i f f u s i o n  model i s  t h e r e f o r e  u sed  i n  t h i s  r e s e a r c h .  
6 .2  Model E q u a t i o n s  
6 . 2 . 1  Assumptions 
D e r i v a t i o n  o f  t h e  e q u a t i o n s  f o r  t h e  f i n i t e - b a t c h  
and f ixed -bed  models  r e q u i r e s  t h e  f o l l o w i n g  a s sumpt ions :  
1) t h e  r a t e  o f  a d s o r p t i o n  is  d i f f u s i o n  l i m i t e d ,  i . e . ,  l o c a l  
e q u i l i b r i u m  p r e v a i l s  a t  t h e  e x t e r n a l  s u r f a c e  o f  a n  a d s o r b e n t  
p a r t i c l e ;  2) l i q u i d - d i f f u s i o n  r e s i s t a n c e  o c c u r s  a t  t h e  e x t e r -  
n a l  s u r f a c e ,  and it can  be  d e s c r i b e d  a s  f i l m  t r a n s f e r ;  3) an  
a d s o r b e n t  p a r t i c l e  i s  a  homogeneous s o l i d  s o  t h a t  s u r f a c e  o r  
s o l i d  d i f f u s i o n  i s  t h e  mode o f  i n t r a p a r t i c l e  t r a n s p o r t ;  
4 )  a n  a d s o r b e n t  p a r t i c l e  i s  s p h e r i c a l l y  shaped ;  5 )  p l u g  
f l o w  o c c u r s  i n  t h e  f i x e d  bed; and  6 )  i n  b i s o l u t e  sys t ems  
t h e  s o l u t e s  d i f f u s e  i n d e p e n d e n t l y  of  one a n o t h e r  ( d i l u t e  
sys t em)  such  t h a t  t h e  i n t e r a c t i o n  o f  t h e  two s o l u t e s  i s  f u l l y  
accoun ted  f o r  by t h e  b i s o l u t e  e q u i l i b r i u m  e x p r e s s i o n s .  
6 .2 .2  F i n i t e - B a t c h  Adsorber  
A f i n i t e - b a t c h  a d s o r b e r  i s  composed o f  a  f i n i t e  
volume o f  s o l u t i o n  i n  which t h e  a d s o r b e n t  p a r t i c l e s  a r e  
r a p i d l y  s t i r r e d .  The f i n i t e - b a t c h - a d s o r b e r  model f o r  a  
s i n g l e  s o l u t e  c o n s i s t s  o f  t h e  f o l l o w i n g  set  of  e q u a t i o n s :  
E q u a t i o n  33 i s  t h e  homogeneous s o l i d  d i f f u s i o n  e q u a t i o n  t h a t  
a c c o u n t s  f o r  t h e  mass t r a n s p o r t  w i t h i n  t h e  a d s o r b e n t  p a r t i -  
c les .  The second  boundary  c o n d i t i o n ,  e q u a t i o n  3 6 ,  e q u a t e s  
t h e  r a t e  o f  f i l m  t r a n s f e r  t o  t h e  ra te  o f  c h a n g e  i n  t h e  
a v e r a g e  s u r f a c e  c o n c e n t r a t i o n .  E q u a t i o n  37 i s  t h e  e q u i l i b -  
r i u m  i s o t h e r m  i n  a  g e n e r a l  fo rm w h e r e a s  e q u a t i o n  38 i s  a  
mass b a l a n c e  o n  t h e  f i n i t e - b a t c h  a d s o r b e r  t h a t  a c c o u n t s  f o r  
' t h e  c h a n g e  i n  b u l k  s o l u t i o n  c o n c e n t r a t i o n  w i t h  t i m e .  
The e q u a t i o n s  c a n  be p u t  i n t o  a  n o n d i m e n s i o n a l  fo rm 
by i n t r o d u c i n g  t h e  f o l l o w i n g  v a r i a b l e s :  
The nondimensional finite batch model is then 
6 . 2 . 3  Fixed-Bed Adsorber 
The fixed-bed adsorber is  a column of packed adsorbent 
p a r t i c l e s  through which a s o l u t i o n  i s  passed.  A f i xed  bed 
model must account f o r  both t h e  flow of s o l u t i o n  between t h e  
p a r t i c l e s  and t h e  d i f f u s i o n  of t h e s o l u t e s  wi th in  t h e  su r f ace  
f i lm  and t h e  p a r t i c l e s .  The fixed-bed model f o r  a s i n g l e  
s o l u t e  i s  given below: 
a c a c 3  
- = -  
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E q u a t i o n s  55 t h r o u g h  59  a r e  t h e  same as f o r  t h e  b a t c h  model. 
E q u a t i o n  60 i s  a mass b a l a n c e  on  a  f i x e d  bed  e x h i b i t i n g  p l u g  
f l ow .  
The e q u a t i o n s  above c a n  be  p u t  i n t o  a  nond imens iona l  
- - 
form by t h e  use  o f  t h e  p r e v i o u s l y  d e f i n e d  v a r i a b l e s  ;, q ,  q s ,  
- 
c ,  and  cS and by t h e  i n t r o d u c t i o n  o f  t h e  f o l l o w i n g  v a r i a b l e s :  
The r e s u l t i n g  nond imens iona l  model i s :  
For  b i s o l u t e  a d s o r p t i o n  t h e  model c o n s i s t s  o f  a  
se t  o f  e q u a t i o n s  55 through 58 and 60 th rough  6 2  f o r  e a c h  
s o l u t e  w h i l e  e q u a t i o n  59 i s  r e p l a c e d  by a  b i s o l u t e  e q u i l i b r i u m  
model t h a t  i s  r e p r e s e n t e d  i n  a  g e n e r a l  form below: 
I n  t h i s  s t u d y  t h e  IAS t h e o r y  of  Radke and P r a u s n i t z ,  
p r e v i o u s l y  rev iewed i n  S e c t i o n  3 .1 .2 ,  was used  ( w i t h  a  
s l i g h t  m o d i f i c a t i o n )  t o  d e s c r i b e  b i s o l u t e  e q u i l i b r i u m .  
S i n g l e  s o l u t e  e q u i l i b r i u m  conformed t o  e i t h e r  t h e  Myers i s o -  
therm ( e q u a t i o n  1 3 )  o r  t h e  F r e u n d l i c h  i s o t h e r m  ( e q u a t i o n  1 0 )  
s o  t h a t  t h e  s p r e a d i n g  p r e s s u r e  c o u l d  b e  i n t e g r a t e d  a n a l y t i c a l l y  
t o  produce  e q u a t i o n  79 o r  80. 
Myers: 
0 
Freundlich: 'rrAd = 9 L  R' T 
P 
n 
To convert the bisolute fixed-bed model to a non- 
dimensional form, the variables shown below are utilized: 
The nondimensional model i s  t h u s :  
6 . 3  Model S o l u t i o n  
The s y s t e m  o f  d i f f e r e n t i a l  e q u a t i o n s  t h a t  c o n s t i t u t e  
a n  a d s o r b e r  model a r e  no rma l ly  s o l v e d  n u m e r i c a l l y  i f  t h e  
i s o t h e r m  i s  n o n l i n e a r .  Commonly a  f i n i t e - d i f f e r e n c e  scheme 
h a s  been  u t i l i z e d  t o  c o n v e r t  a  model t o  a  sy s t em o f  non- 
l i n e a r  a l g e b r a i c  e q u a t i o n s  which can  be  s o l v e d  on a  computer .  
But t h e  t e c h n i q u e  of  o r t h o g o n a l  c o l l o c a t i o n  h a s  been ga in-  
i n g  f a v o r  i n  s o l v i n g  sys t ems  o f  d i f f e r e n t i a l  e q u a t i o n s  a s  
e n c o u n t e r e d  h e r e ,  and it has  been  chosen  t o  s o l v e  t h e  models 
f o r  t h i s  r e s e a r c h .  Or thogona l  c o l l o c a t i o n  i s  g e n e r a l l y  a  
more e f f i c i e n t  t e c h n i q u e  t h a n  f i n i t e  d i f f e r e n c e  w i t h  r e s p e c t  
t o  computer  t i m e  ( L i a p i s  and R ipp in ,  1977; K i m ,  1977;  
C r i t t e n d e n  e t  a l .  , 1 9 8 0 ) .  
Or thogona l  c o l l o c a t i o n  i s  d i s c u s s e d  i n  d e t a i l  else- 
where ( V i l l a d s e n  and S t e w a r t ,  1967; F i n l a y s o n ,  1972; V i l l a d s e n  
and Miche l sen ,  1 9 7 8 ) .  I t  i s  a  s p e c i a l  c a s e  o f  t h e  c o l l o c a t i o n  
method which i n  t u r n  i s  one  o f  s e v e r a l  methods o f  we igh ted  
r e s i d u a l s .  I n  t h e  c o l l o c a t i o n  method, t h e  unknown s o l u t i o n  
t o  a  d i f f e r e n t i a l  e q u a t i o n  i s  approximated  by a  s p e c i f i e d  
t r i a l  f u n c t i o n  h a v i n g  c o e f f i c i e n t s  ( c o n s t a n t s  o r  f u n c t i o n s )  
a d j u s t e d  s o  t h a t  t h e  s u b s t i t u t i o n  o f  t h e  t r i a l  f u n c t i o n  i n t o  
t h e  d i f f e r e n t i a l  e q u a t i o n  r e s u l t s  i n  a  r e s i d u a l  f o r c e d  t o  b e  
z e r o  a t  s p e c i f i e d  g r i d  o r  c o l l o c a t i o n  p o i n t s .  V i l l a d s e n  and 
S t e w a r t  (1967)  i n t r o d u c e d  o r t h o g o n a l  c o l l o c a t i o n ,  a  modi f ica-  
t i o n  which u s e s  a  se t  o f  o r t h o g o n a l  po lynomia l s  a s  t h e  t r i a l  
f u n c t i o n  and  t h e  r o o t s  o f  t h e  po lynomia l s  a s  c o l l o c a t i o n  
p o i n t s .  A major  advance i s  t h a t  t h e  s o l u t i o n  t o  t h e  
d i f f e r e n t i a l  e q u a t i o n  is  de t e rmined  by f i n d i n g  t h e  s o l u t i o n s  
a t  a  few c o l l o c a t i o n  p o i n t s  r a t h e r  t h a n  by e v a l u a t i n g  t h e  
c o e f f i c i e n t s  i n  t h e  t r i a l  f u n c t i o n .  
The a p p l i c a t i o n  o f  o r t h o g o n a l  c o l l o c a t i o n  r e s u l t s  i n  
t h e  r ep l acemen t  o f  s p a t i a l  d e r i v a t i v e s  w i t h  m a t r i c e s ,  t h u s  
r e d u c i n g  t h e  number o f  i ndependen t  v a r i a b l e s .  E l i m i n a t i o n  
o f  t h e  s p a t i a l  d e r i v a t i v e s  i n  t h e  f i n i t e - b a t c h  o r  f ixed-bed  
model p roduces  a  set  o f  f i r s t - o r d e r  o r d i n a r y  d i f f e r e n t i a l  
e q u a t i o n s  t h a t  i s  a n  i n i t i a l  v a l u e  problem w i t h  r e s p e c t  t o  
t i m e .  The u s e  o f  t h i s  t e c h n i q u e  w i l l  b e  shown h e r e  f o r  
t h e  s i n g l e - s o l u t e  b a t c h  and f ixed-bed  models.  
The a p p l i c a t i o n  o f  o r t h o g o n a l  c o l l o c a t i o n  t o  t h e  
nondimens iona l  f i n i t e - b a t c h  model,  e q u a t i o n s  48 th rough  54,  
g i v e s  t h e  f o l l o w i n g  se t  of  e q u a t i o n s :  
Equa t ion  50 i s  t a k e n  i n t o  accoun t  by t h e  polynomia ls  
used t o  de t e rmine  t h e  r a d i a l  c o l l o c a t i o n  c o n s t a n t s  ( m a t r i x  B 
and v e c t o r  W) and t h e  r a d i a l  c o l l o c a t i o n  p o i n t s ,  and s o  it no 
l o n g e r  a p p e a r s  e x p l i c i t l y  i n  t h e  model. Equa t ion  109 i s  a  
r ea r r angemen t  o f  e q u a t i o n  51. The number o f  i n t e r n a l  c o l l o c a -  
I 
t i o n  p o i n t s  M a l o n g  t h e  p a r t i c l e  r a d i u s  c a n  be v a r i e d ,  t h e  
1 
a c c u r a c y  o f  t h e  s o l u t i o n  improving w i t h  l a r g e r  v a l u e s  o f  N . 
C o l l o c a t i o n  p o i n t  1 i s  n e a r  t h e  c e n t e r  o f  t h e  a d s o r b e n t  pa r -  
I 
t i c l e  whereas  t h e  p o i n t  N + 1 i s  a t  t h e  e x t e r n a l  s u r f a c e .  
The c o l l o c a t i o n  c o n s t a n t s  were g e n e r a t e d  u s i n g  t h e  r o o t s  t o  
polynomia ls  f o r  s p h e r i c a l  geometry ( S t r o u d  and S e c r e s t ,  1966; 
F i n l a y s o n ,  1972) and t h e  p rocedure  o u t l i n e d  by F i n l a y s o n  
(1972) . 
The a p p l i c a t i o n  o f  o r t h o g o n a l  c o l l o c a t i o n  t o  t h e  
nondimens iona l  s i n g l e - s o l u t e  f ixed -bed  model,  e q u a t i o n s  69 
th rough  76,  r e s u l t s  i n  t h e  f o l l o w i n g  s e t  o f  e q u a t i o n s  f o r  
- -  - - - 
q ( r i ,  Z k )  and C ( Z Q )  : 
di ik  I 
- -  
I - E d  Bi jq jk  f o r  i = 1 , 2 , 3 ,  ..., N d ~  j = 1  ( 1 1 4 )  
1 
f o r  k = 1 , 2 , 3 , .  . . ,M +2 
v 
f o r  R = 2 , 3 , 4 ,  ..., M + 2 . 
I 
A s  i n  t h e  c a s e  o f  t h e  b a t c h  model,  N i s  t h e  number 
o f  i n t e r n a l  c o l l o c a t i o n  p o i n t s  a l o n g  t h e  p a r t i c l e  r a d i u s ,  
and  t h e  m a t r i x  B and  v e c t o r  W a r e  t h e  a s s o c i a t e d  c o l l o c a t i o n  
c o n s t a n t s  f o r  s p h e r i c a l  geometry.  The number o f  i n t e r n a l  
I 
c o l l o c a t i o n  p o i n t s  a l o n g  t h e  bed  a x i s  i s  g i v e n  a s  M . A x i a l  
c o l l o c a t i o n  p o i n t  1 i s  a t  t h e  bed  e n t r a n c e  whereas  t h e  
p o i n t  M I  + 2 i s  a t  t h e  bed e x i t .  The m a t r i x  i s  a  s e t  o f  
c o l l o c a t i o n  c o n s t a n t s  f o r  t h e  a x i a l  d i r e c t i o n ,  and  t h e s e  
c o n s t a n t s  were g e n e r a t e d  w i t h  t h e  r o o t s  t o  po lynomia l s  f o r  
unsymmetric geometry ( F i n l a y s o n ,  1972)  and  t h e  p r o c e d u r e  
o u t l i n e d  by F i n l a y s o n  ( 1 9 7 2 ) .  
A f t e r  a p p l y i n g  o r t h o g o n a l  c o l l o c a t i o n ,  t h e  r e s u l t i n g  
sys t em o f  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  c a n  be  s o l v e d  w i t h  
a  n u m e r c i a l  i n t e g r a t i o n  method. The computer  s u b r o u t i n e  
GEAR (Gea r ,  1976;  Hindmarsh, 1 9 7 4 ) ,  a  p r e d i c t o r - c o r r e c t o r  
method, was employed f o r  t h i s  t a s k .  
The b i s o l u t e  f i xed -bed  model a l s o  had  a  se t  o f  
a l g e b r a i c  e q u a t i o n s  c o n s t i t u t i n g  t h e  IAS t h e o r y  f o r  b i s o l u t e  
e q u i l i b r i u m  (see S e c t i o n  3 .1 .2  and e q u a t i o n s  79 and 8 0 ) .  
Because e q u a t i o n  79 was n o n l i n e a r ,  t h e  e q u a t i o n s  f o r  t h e  c a s e  
o f  t h e  Myers i s o t h e r m  were s o l v e d  w i t h  t h e  I n t e r n a t i o n a l  
Ma thema t i ca l  and S t a t i s t i c a l  L i b r a r y  s u b r o u t i n e  ZSYSTM (IPISL 
I n c . ,  Houston,  TX),  which u sed  Brown's method. 
6.4 Numerical  S o l u t i o n  T e s t i n g  
A s  a  c a u t i o n a r y  measure  t h e  o r t h o g o n a l  c o l l o c a t i o n  
t e c h n i q u e  ( w h i l e  c o u p l e d  t o  t h e  i n t e g r a t i o n  r o u t i n e  GEAR) 
was compared a g a i n s t  a n a l y t i c a l  s o l u t i o n s  t o  check f o r  
a c c u r a c y  and  s t a b i l i t y .  C r i t t e n d e n  (1976)  and C r i t t e n d e n  and 
Weber (1978a)  have  done t h i s  f o r  f i n i t e  d i f f e r e n c e  schemes.  
To make compar i sons  p o s s i b l e ,  t h e  n u m e r i c a l  t e c h n i q u e  had t o  
be  a p p l i e d  t o  s i m p l e  models f o r  which a n a l y t i c a l  s o l u t i o n s  
e x i s t  . 
Crank (196 5) h a s  g i v e n  a n  a n a l y t i c a l  s o l u t i o n  t o  t h e  
homogeneous s o l i d  d i f f u s i o n  e q u a t i o n  f o r  i n f i n i t e  b a t c h  
a d s o r p t i o n  wi.th f i l m  r e s i s t a n c e  and a  l i n e a r  i so the rm.  The 
model f o r  t h i s  s i t u a t i o n  i s  composed o f  e q u a t i o n s  3 3  t h rough  
36  p l u s  t h e  two e q u a t i o n s  below: 
C = Co (122) 
E q u a t i o n  1 2 1  i s  t h e  l i n e a r  i s o t h e r m  ( w i t h  KL = 1) whereas  
e q u a t i o n  122 s t a t e s  t h a t  t h e  b u l k  s o l u t i o n  c o n c e n t r a t i o n  i s  
i n v a r i a n t .  
The comparison o f  t h e  numer i ca l  and a n a l y t i c a l  s o l u t i o n s  
i s  p r e s e n t e d  i n  Table  4 .  The numer i ca l  d e v i a t i o n ,  Nd,  i s  
d e f i n e d  h e r e  f o r  t h e  i n f i n i t e - b a t c h  model a s  : 
j.n which 
ND = nunber  o f  p o i n t s  used f o r  comparison,  
qA = a v e r a g e  s o l i d  phase  c o n c e n t r a t i o n  a t  t i m e  t from 
a n a l y t i c a l  s o l u t i o n , ,  
qN = a v e r a g e  s o l i d  phase  c o n c e n t r a t i o n  a t  t i m e  t from 
numer ica l  s o l u t i o n ,  
qe = s o l i d  phase  c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i t h  Co. 
One hundred p o i n t s  even ly  spaced  i n  t i m e  w e r e  chosen t o  make 
t h e  comparisons.  The s m a l l  numer i ca l  d e v i a t i o n  v a l u e s  

demons t ra te  t h a t  o r t h o g o n a l  c o l l o c a t i o n  agreed c l o s e l y  w i t h  
t h e  a n a l y t i c a l  s o l u t i o n  f o r  a  r ange  of Sherwood numbers, Sh. 
For t h e  wors t  c a s e  a t  Sh = 100,  t h e  numerical  and a n a l y t i c a l  
v a l u e s  agreed a t  l e a s t  t o  two, and f o r  most p o i n t s  t o  t h r e e ,  
s i g n i f i c a n t  f i g u r e s .  The Sherwood number (equa t ion  47) i s  a  
measure of t h e  r e l a t i v e  importance of  f i l m  and s u r f a c e  
d i f f u s i o n .  A s  t h e  Sherwood number i n c r e a s e s ,  f i l m  r e s i s t a n c e  
becomes l e s s  impor tant .  
Thomas (1944) developed an a n a l y t i c a l  s o l u t i o n  t o  
f ixed-bed a d s o r p t i o n  i n  which t h e  r a t e  was d e s c r i b e d ' b y  
t h e  fo l lowing  k i n e t i c  e x p r e s s i o n  t h a t  reduced t o  t h e  
Langmuir i so the rm a t  e q u i l i b r i u m :  
H i s  f ixed-bed model c o n s i s t e d  of e q u a t i o n  1 2 4  and 
t h e  e q u a t i o n s  g iven below: 
The o r thogona l  c o l l o c a t i o n  s o l u t i o n  of t h i s  model compared 
favorab ly  t o  t h e  a n a l y t i c a l  s o l u t i o n .  For f i f t y  evenly  
spaced p o i n t s  on t h e  e f f l u e n t  breakthrough c u r v e ,  t h e  
numerical  d e v i a t i o n  (based on e f f l u e n t  c o n c e n t r a t i o n )  was 
on ly  0.00217. 
The comparisons p r e s e n t e d  f o r  t h e  s i m p l i f i e d  models 
canno t  be d i r e c t l y  e x t r a p o l a t e d  t o  t h e  more compl ica ted  
models. However, e f f l u e n t  breakthrough c u r v e s  genera ted  
from t h e  f ixed-bed model w i t h  t h e  F r e u n d l i c h  i so the rm and 
w i t h  t h e  Myers i so the rm were determined t o  obey o v e r a l l  
mass ba lances .  The above r e s u l t s  s u p p o r t  t h e  c o n v i c t i o n  t h a t  
o r thogona l  c o l l o c a t i o n  i s  a  r e l i a b l e  and a c c u r a t e  numer ica l  
method. 
To save  on computer c o s t s ,  t h e  number of  c o l l o c a t i o n  
p o i n t s  i n  t h e  f i n i t e  b a t c h  model was v a r i e d  t o  f i n d  t h e  
minimum number f o r  an  a c c u r a t e  s o l u t i o n .  Th i s  minimum was 
observed t o  i n c r e a s e  w i t h  i n c r e a s i n g  Sherwood number. I t  
was de termined t h a t ,  t o  t h r e e  s i g n i f i c a n t  f i g u r e s ,  i n c r e a s -  
i n g  t h e  number of  i n t e r n a l  c o l l o c a t i o n  p o i n t s  above s i x  d i d  
n o t  improve t h e  s o l u t i o n ,  even a t  Sherwood numbers a s  h igh  
a s  1 0 0 0 .  
The number of c o l l o c a t i o n  p o i n t s  was a l s o  v a r i e d  
f o r  t h e  f ixed-bed models. F i g u r e  2 shows t h a t  f o r  t h e  
s i n g l e - s o l u t e  model t h e r e  was l i t t l e  d i f f e r e n c e  i n  us ing  
two i n t e r n a l  c o l l o c a t i o n  p o i n t s  i n  t h e  r a d i a l  d i r e c t i o n  
0 
Ill 
0 
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(N = 2 )  and  two i n t e r n a l  c o l l o c a t i o n  p o i n t s  i n  t h e  a x i a l  
I 
d i r e c t i o n  (M = 2 )  a s  opposed t o  s i x  p o i n t s  i n  e a c h  
d i r e c t i o n .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  f o r  t h e  b i s o l u t e  
c a s e ,  which c o n c u r r e d  w i t h  t h e  f i n d i n g s  o f  C r i t t e n d e n  
-.. 
e t  a l . ,  11980) .  
6 . 5  E q u i l i b r i u m  and K i n e t i c  I n p u t s  
The b a t c h  and f i xed -bed  models  r e q u i r e d  a n  e q u i -  
l i b r i u m  e x p r e s s i , o n  and k i n e t i c  c o n s t a n t s  a s  i n p u t s .  To 
make t h e  f i xed -bed  model t r u l y  p r e d i c t i v e ,  t h e  model 
i n p u t s  were o b t a i n e d  i n d e p e n d e n t l y  o f  e x p e r i m e n t a l  e f f l u e n t  
d a t a .  
S i n g l e - s o l u t e  e q u i l i b r i u m  c o n s t a n t s  were d e t e r -  
mined f rom f i t t i n g  i s o t h e r m  e q u a t i o n s  t o  b a t c h  e q u i l i b r i u m  
d a t a  u s i n g  t h e  I n t e r n a t i o n a l  Mathemat ica l  and S t a t i s t i c a l  
L i b r a r y  s u b r o u t i n e  ZXSSQ (IMSL I n c . ,  Houston,  TX) . 
B i s o l u t e  e q u i l i b r i u m  was d e s c r i b e d  by t h e  e q u a t i o n s  
o f  IAS t h e o r y  t h a t  w e r e  a d j u s t e d  by compar i son  t o  b i s o l u t e  
d a t a .  (See  S e c t i o n  7 . 1 . 2 . )  
S u r f a c e  d i f f u s i v i t y  v a l u e s  were e s t i m a t e d  from 
f i t t i n g  by t r i a l  and e r r o r  t h e  b a t c h  model t o  s i n g l e - s o l u t e  
b a t c h  r a t e  d a t a .  These  s u r f a c e  d i f f u s i v i t y  v a l u e s  were 
t h e n  used  i n  t h e  f i xed -bed  n o d e l  p r e d i c t i o n s ,  i n c l u d i n g  
t h e  b i s o l u t e  s y s t e m s  s t u d i e d .  The b a t c h  f i l m  t r a n s f e r  co- 
e f f i c i e n t s ,  which w e r e  a l s o  e s t i m a t e d  from t h e  t r i a l  and 
e r r o r  f i t ,  were n o t  u sed  i n  t h e  f i xed -bed  model because  o f  
t h e  d i f f e r e n c e  i n  hydrodynamic c o n d i t i o n s  between b a t c h  
and  f ixed -  bed a d s o r b e r s .  
To e s t i m a t e  t h e  r ema in ing  k i n e t i c  c o n s t a n t ,  t h e  
f i l m  t r a n s f e r  c o e f f i c i e n t  f o r  f ixed-bed  o p e r a t i o n ,  t h e  
c o r r e l a t i o n  o f  Wil l iamson e t  a l .  (1963)  was u t i l i z e d :  
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i n  which 
The f r e e  l i q u i d  d i f f u s i v i t i e s ,  D k ,  o f  t h e  s o l u t e s  were 
c a l c u l a t e d  f rom t h e  e q u a t i o n  o f  Milke and Chang (1955)- 
7 .  RESULTS AND DISCUSSION 
7 . 1  E q u i l i b r i u m  S t u d i e s  
7 . 1 . 1  S i n g l e - S o l u t e  Systems 
The s i n g l e  s o l u t e  e q u i l i b r i u m  t es t s  i n  t h i s  s t u d y  
i n v o l v e d  17  s o l u t e - a d s o r b e n t  combina t ions .  The s p e c i a l  
samples  of  t h e  80317 c a r b o n ,  t h e  80317-C1 and t h e  80317- 
c o n t r o l ,  were used  o n l y  i n  a d s o r b i n g  DMP. 
a.  I s o t h e r m s  f o r  3,5-Dimethylphenol (DMP) 
The a d s o r p t i o n  i s o t h e r m s  f o r  DMP a r e  p r e s e n t e d  i n  
F i g u r e  3. The d a t a  d i s p l a y  a  s l i g h t  c u r v a t u r e  on a  log - log  
p l o t  s o  t h a t  t h e  p o p u l a r  F r e u n d l i c h  e q u a t i o n  would n o t  be 
b e s t  f o r  d e s c r i b i n g  t h e  d a t a .  Consequent ly ,  t h e  Myers equa- 
t i o n  ( e q u a t i o n  1 3 )  was chosen f o r  t h i s  t a s k .  The l i n e s  
th rough  t h e  d a t a  p o i n t s  a r e  t h e  Myers e q u a t i o n s ,  and t h e  
i s o t h e r m  c o n s t a n t s  a r e  l i s t e d  i n  Tab le  5 .  
The a d s o r b e n t s  i n  F i g u r e  3  show a  wide r a n g e  i n  
e q u i l i b r i u m  b e h a v i o r  f o r  t h e  s o l u t e  DMP. The b e s t  a d s o r b e n t ,  
t h e  F-400 c a r b o n ,  h a s  a  c a p a c i t y  a l m o s t  7  t i m e s  t h a t  o f  t h e  
w o r s t  a d s o r b e n t ,  t h e  c h a r ,  and more t h a n  t w i c e  t h a t  o f  t h e  
w o r s t  c a r b o n ,  HD-3000. The 80317 and \.N-bJ c a r b o n s  have 
p r a c t i c a l l y  i d e n t i c a l  i s o t h e r m s .  
Surface Concentrat ion, mmoles/g 
Table 5. Myers Isotherm Constants for DMP 
Adsorbent 
Char 7.395 x loJ 17.36 0.6550 
The e f f e c t  o f  c h l o r i n e  p r e t r e a t m e n t  on t h e  80317 
c a r b o n  i s  a l s o  shown i n  F i g u r e  3  by t h e  i s o t h e r m  f o r  
80317-C1. A l o s s  o f  c a p a c i t y  r e s u l t s  from t h e  exposure  o f  
t h e  ca rbon  t o  aqueous c h l o r i n e ,  and t h i s  l o s s  i n c r e a s e s  w i t h  
d e c r e a s i n g  s o l u t i o n  c o n c e n t r a t i o n .  The c a p a c i t y  i s  reduced  
by 23 p e r c e n t  a t  a  c o n c e n t r a t i o n  o f  1 mmole/l. O the r  
r e s e a r c h e r s  have obse rved  t h a t  t h e  t r e a t m e n t  o f  a  carbon 
w i t h  c h l o r i n e  (Snoeyink e t  a l . ,  1974; McGuire, 1977)  o r  
o t h e r  o x i d i z i n g  a g e n t s  (Coughlin e t  a l . ,  1968; Coughlin and 
Tan, 1968; I s h i z a k i  and Cookson, 1974;  D i t l  e t  a l . ,  1978)  
can r educe  t h e  c a p a c i t y  f o r  some aqueous o r g a n i c s .  
F i g u r e  4 d e m o n s t r a t e s  t h a t  t h e  d e t r i m e n t a l  e f f e c t  
on c a p a c i t y  was a c t u a l l y  due t o  t h e  a c t i o n  o f  t h e  c h l o r i n e  
and was n o t  an  a r t i f a c t  o f  t h e  p rocedure  used  i n  o x i d i z i n g  
t h e  ca rbon .  The e q u i l i b r i u m  d a t a  f o r  t h e  80317-cont ro l  
ca rbon  ( a  sample o f  80317 s u b j e c t e d  t o  t h e  p r e t r e a t m e n t  pro- 
c e d u r e  b u t  w i t h o u t  exposure  t o  c h l o r i n e )  f a l l s  a l o n g  t h e  
s o l i d  l i n e  r e p r e s e n t i n g  t h e  Myers i s o t h e r m  f o r  t h e  80317 
r' 
c a r b o n  and  w e l l  above t h e  dashed l i n e  r e 2 r e s e n t i n g  t h e  Myers 
i so the r in  f o r  t h e  c h l o r i n a t e d  c a r b o n ,  80317-C1. Obviously 
t h e  p r o c e d u r e  i t s e l f  d i d  n o t  a l t e r  c a p a c i t y .  
b. I so the rms  f o r  3 ,5-Dichlorophenol  (DCP) 
T h e , i s o t h e r m s  f o r  DCP a r e  g i v e n  i n  F i g u r e  5 ,  and 
t h e  c o n s t a n t s  f o r  t h e  Myer ' s  i s o t h e r m s  a r e  l i s t e d  i n  T a b l e  
6 .  A p a t t e r n  o f  r e l a t i v e  c a p a c i t y  s i m i l a r  t o  t h a t  f o r  DMP 
Surface Concentrat ion, mmoles/g 
Surface Concentration, mmoles/g 
Table 6. Myers Isotherm Constants for DCP 
Adsorbent 
WV- W 4.785 x 10 2.138 1.553 3 
5 Char 9.286 x 10 20.96 0.5829 
i s  revealed i n  Figure 5. The h ighes t  capac i ty  i s  possessed 
by t h e  F-400 carbon,  and t h e  lowest i s  possessed by the  char .  
The 80317 and WV-W carbons again show very s i m i l a r  e q u i l i b -  
r i u m  behavior. 
For a  given adsorbent ,  DCP adsorbs t o  a  g r e a t e r  
e x t e n t  than does DMP, bu t  t h e  d i f f e r e n c e  decreases  a t  
h igher  so lu t ion  concent ra t ions .  This can be seen by care- 
f u l l y  comparing Figures  3 and 5  o r  by performing c a l c u l a t i o n s  
with t h e  Myers isotherm equa t ions .  The d i f f e r ence  i n  
capac i ty  i s  sma l l e s t  f o r  t he  F-400 carbon ( 2  percen t  a t  a  
so lu t ion  concentra t ion of  1 mmole/l) and l a r g e s t  f o r  t he  
char  ( 2 6  percen t  a t  1 mmole/l). 
c .  Isotherms f o r  Rhodamine 6 G  ( R 6 G )  
Figure 6 con ta ins  t h e  isotherms for  t h e  dye R6G.  
The d a t a  were s a t i s f a c t o r i l y  f i t t e d  t o  t h e  Freundlich 
equa t ion ,  and the  isotherm cons tan ts  a r e  given i n  Table 7 .  
The r e s u l t s  i n  Figure 6 show t h a t ,  aga in ,  the  F-400 
carbon i s  t h e  b e s t  adsorbent and t h e  char is  t h e  wors t .  
The char has only about 1 0  percen t  of t h e  capac i ty  of t h e  
F-400 carbon and only about 25 percent  of t h e  capac i ty  of  
t he  HD-3000, t h e  worst carbon. I t  is  i n t e r e s t i n g  t o  note 
t h a t ,  al though t h e  80317 and WV-W carbons a r e  p r a c t i c a l l y  
t h e  same i n  t h e i r  capac i ty  f o r  t h e  phenols,  they e x h i b i t  
a  s i g n i f i c a n t  d i f f e r ence  i n  a f f i n i t y  f o r  t he  l a r g e r  s o l u t e  
R 6 G .  From a  comparison of Figure 6 with Figures  3  and 5, 
Surface Concentrat ion, mmoles/g 

it i s  a p p a r e n t  t h a t  t h e  R6G a d s o r b s  t o  a  much lesser d e g r e e  
t h a n  t h e  p h e n o l s  on  a l l  o f  t h e  a d s o r b e n t s .  
d .  C a p a c i t y  and P h y s i c a l  P r o p e r t i e s  of  t h e  Adsorben t s  
An a t t e m p t  was made t o  r e l a t e  t h e  c a p a c i t y  o f  t h e  
c a r b o n s  t o  t h e i r  p o r e  s i z e  d i s t r i b u t i o n s .  (See  F i g u r e  1.) 
T h i s  was done s u c c e s s f u l l y  by Lee (1980)  f o r  v a r i o u s  humic 
s u b s t a n c e s  and by Ho lze l  e t  a l .  (1979)  f o r  s m a l l e r  o r g a n i c  
s p e c i e s  such  a s  p - n i t r o p h e n o l  i n  t h a t  t h e y  c o r r e l a t e d  t h e  
F r e u n d l i c h  c o n s t a n t  R t o  t h e  p o r e  volume w i t h i n  a  c e r t a i n  
r ange  of  p o r e  r a d i i .  F o r  t h e  s o l u t e s  and c a r b o n s  i n  t h i s  
r e s e a r c h ,  no c o r r e l a t i o n s  o f  c a p a c i t y  w i t h  e i t h e r  t h e  
t o t a l  p o r e  volume o r  t h e  p o r e  volume w i t h i n  a  r ange  o f  
p o r e  r a d i i  were e v i d e n t .  P o s s i b l y  n o t  enough c a r b o n s  w e r e  
s t u d i e d  t o  e s t a b l i s h  any r e l a t i o n s h i p s .  
Su r f  a c e  a r e a  (BET-ni t r o g e n  method) appea red  t o  be 
a  b e t t e r ,  y e t  s t i l l  a n  i n e x a c t ,  i n d i c a t o r  o f  c a p a c i t y .  I n  
terms o f  s u r f a c e  a r e a ,  t h e  a d s o r b e n t s  had t h e  f o l l o w i n g  
sequence :  F-400 2 80317 > TiV - W > HD - 3000 > c h a r .  (See 
Tab le  2 . )  The sequence  f o r  t h e  c a p a c i t y  o f  t h e  a d s o r b e n t s  
was s i m i l a r :  F-400 > 80317 2 \W - W > HD - 3000 > c h a r .  
A d d i t i o n a l  work i s  needed t o  d e t e r m i n e  i f  t h e  r e l a t i o n s h i p  
would h o l d  f o r  o t h e r  c a r b o n s  and/or  s o l u t e s .  The r e s u l t s  
o f  o t h e r  s t u d i e s  w i t h  a c t i v a t e d  c a r b o n s  s u g g e s t  t h a t  t h e  
EET n i t r o g e n  s u r f a c e  a r e a  may be a  f a i r  i n d i c a t o r  o f  t h e  
c a p a c i t y  o f  a  ca rbon  f o r  some s m a l l  s p e c i e s  such  a s  i o d i n e  
( Juhola ,  1977)  o r  2-methyl i soborneol  (Chudyk e t  a l . ,  1 9 7 9 ) ,  
b u t  n o t  f o r  l a r g e  s p e c i e s  such  a s  humic s u b s t a n c e s  (Lee,  
1 9 8 0 ) .  
I t  i s  p o s s i b l e  t h a t  s u r f a c e  c h e m i s t r y  i n f l u e n c e d  
c a p a c i t y  and  t h e r e f o r e  compl i ca t ed  t h e  a t t e m p t  a t  e s t a b l i s h -  
i n g  r e l a t i o n s h i p s  between c a p a c i t y  and t h e  p h y s i c a l  p roper -  
t i e s  o f  t h e  a d s o r b e n t s .  The r o l e  o f  s u r f a c e  c h e m i s t r y  i s ,  
however, u n c e r t a i n .  The c h l o r i n a t i o n  o f  a c t i v a t e d  ca rbon  
h a s  been shown t o  i n c r e a s e  t h e  q u a n t i t y  o f  o x i d e s  on t h e  
ca rbon  s u r f a c e  (Snoeyink e t  a l . ,  1974;  McGuire, 19771, b u t  
t h e  b u i l d  up o f  s u r f a c e  o x i d e s  can  be accompanied by a  
r e d u c t i o n  i n  s u r f a c e  a r e a  (Coughlin e t  a l . ,  1968;  >Coughlin 
and Tan, 1968; I s h i z a k i  and Cookson, 1 9 7 4 ) .  Thus it i s  n o t  
known whether  t h e  l o s s  i n  c a p a c i t y  o f  t h e  80317 carbon 
from t h e  c h l o r i n e  p r e t r e a t m e n t  was a  p h y s i c a l  e f f e c t ,  a  
chemica l  e f f e c t ,  o r  bo th .  
e.  Char  a s  an  Adsorbent  
The e q u i l i b r i u m  r e s u l t s  o f  t h i s  s t u d y  demons t r a t ed  
t h a t  t h e  Synthane c h a r  was a  poor  a d s o r b e n t  r e l a t i v e  t o  t h e  
a c t i v a t e d  c a r b o n s .  Nandi and Walker (1971) de t e rmined  t h a t ,  
a l t h o u g h  t h e  a d s o r p t i o n  c a p a c i t y  o f  d i f f e r e n t  c o a l  g a s i f i c a -  
t i o n  c h a r s  v a r i e d  a p p r e c i a b l y  f o r  t h e  dye m e t a n i l  y e l l o w ,  
t h e  b e s t  c h a r  had o n l y  a b o u t  h a l f  t h e  c a p a c i t y  o f  t h e  w o r s t  
a c t i v a t e d k c a r b o n  s t u d i e d .  These p r e l i m i n a r y  f i n d i n g s  
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s u g g e s t  t h a t  g a s i f i c a t i o n  c h a r  i s  i n f e r i o r  t o  a c t i v a t e d  
c a r b o n  a s  a  m a t e r i a l  f o r  a d s o r b i n g  aqueous o r g a n i c s ,  b u t  
c a u t i o n  must  be e x e r c i s e d  i n  expanding  t h e s e  f i n d i n g s  i n t o  
a  g e n e r a l  s t a t e m e n t .  F o r  example,  t h e  HD-3000 ca rbon  
c l e a r l y  d i d  a  p o o r e r  job  t h a n  t h e  F-400 ca rbon  i n  a d s o r b i n g  
t h e  s o l i l t e s  of  t h i s  s t u d y ,  y e t  Lee (1980)  found t h a t  f o r  some 
h u n i c  s u b s t a n c e s  t h e  HD-3000 ca rbon  had t h e  h i g h e r  c a p a c i t y .  
More work i s  needed t o  a d e q u a t e l y  a s s e s s  t h e  u s e f u l n e s s  o f  
g a s i f i c a t i o n  c h a r s  a s  a d s o r b e n t s .  
7 .1 .2  B i s o l u t e  Systems w i t h  3,5-Dimethylphenol  and 
3 ,5-Dichlorophenol  
Even though a  model may have been developed  t o  pre-  
d i c t  b i s o l u t e  e q u i l i b r i u m  s o l e l y  from s i n g l e  s o l u t e  d a t a ,  
t h e  s t a t e - o f - t h e - a r t  i s  such  t h a t  t h e  a c c u r a c y  o f  a  
model s h o u l d  be c o n f i r h e d  f o r  t h e  sys t em a t  hand by compari- 
s o n  t o  e x p e r i m e n t a l  d a t a .  The IAS model p r e d i c t s  b i s o l u t e  
e q u i l i b r i u m  w i t h  o n l y  s i n g l e - s o l u t e  i n f o r m a t i o n .  I t  was 
s e l e c t e d  f o r  t h i s  s t u d y  because  it can  accommodate t h e  
Myers i s o t h e r m  used  i n  d e s c r i b i n g  s i n g l e - s o l u t e  e q u i l i b r i u m .  
A comparison o f  IAS model p r e d i c t i o n s  and e x p e r i -  
men ta l  d a t a  i s  g i v e n  i n  Tab le  8  f o r  t h e  two pheno l s  and t h e  
80317 ca rbon .  Normally compar isons  between p r e d i c t e d  and 
e x p e r i m e n t a l  e q u i l i b r i u m  v a l u e s  a r e  based on s u r f a c e  con- 
c e n t r a t i o n ,  b u t  because  s u r f a c e  c o n c e n t r a t i o n  c a n n o t  be 
e x p r e s s e d  e x p l i c i t l y  w i t h  t h e  Nyer s  i s o t h e r m ,  t h e  IAS 
e q u a t i o n s  were used  t o  p r e d i c t  s o l u t i o n  c o n c e n t r a t i o n s .  The 
Table 8. Bisolute Equilibrium for DMP (Species 1) and DCP (Species 2) and 
80317 Carbon 
Experimental IAS Modified IAS 
model c o r r e c t l y  p r e d i c t e d  t h a t  t h e  DCP was t h e  more s t r o n g l y  
a d s o r b e d  s p e c i e s .  Fo r  a  g i v e n  p a i r  o f  s u r f a c e  l o a d i n g s ,  
however, t h e  model o v e r e s t i m a t e d  b o t h  s o l u t i o n  c o n c e n t r a t i o n s .  
Al though t h e r e  a r e  l a r g e  d i f f e r e n c e s  between t h e  p r e d i c t e d  
and  e x p e r i m e n t a l  s o l u t i o n  c o n c e n t r a t i o n s ,  t h e  d i f f e r e n c e s  
based  on s u r f a c e  c o n c e n t r a t i o n s  would be s m a l l e r  because  t h e  
d a t a  d e m o n s t r a t e  t h a t  a l a r g e  change i n  s o l u t i o n  c o n c e n t r a -  
t i o n  c o r r e s p o n d s  t o  a  r e l a t i v e l y  s m a l l  change  i n  s u r f a c e  
c o n c e n t r a t i o n .  
I t  was n o t i c e d  t h a t  t h e  r a t i o s  of  e x p e r i m e n t a l  t o  
p r e d i c t e d  s o l u t i o n  c o n c e n t r a t i o n  were m o d e r a t e l y  c o n s t a n t  
f o r  e a c h  s p e c i e s .  The a v e r a g e  r a t i o  was found t o  be 0.310 
f o r  DMP and  0.438 f o r  DCP. These a v e r a g e  r a t i o s  were used  
t o  modify t h e  IAS model and improve t h e  p r e d i c t i o n s .  
The IAS e q u a t i o n s  were p r e s e n t e d  p r e v i o u s l y  i n  S e c t i o n  
3.1 .2 .  (The s p r e a d i n g  p r e s s u r e  e q u a t i o n  f o r  t h e  Myers 
i s o t h e r m  was g i v e n  i n  S e c t i o n  6 . 2 . 3  a s  e q u a t i o n  7 9 . )  
Equa t ions  27 and  28 w e r e  mod i f i ed  a s  f o l l o w s :  
i n  which,  . 
R1 = a v e r a g e  r a t i o  o f  e x p e r i m e n t a l  t o  p r e d i c t e d  
e q u i l i b r i u m  s o l u t i o n  c o n c e n t r a t i o n  f o r  
s p e c i e s  1 
R 2  = a v e r a g e  r a t i o  o f  e x p e r i m e n t a l  t o  p r e d i c t e d  
e q u i l i b r i u m  s o l u t i o n  c o n c e n t r a t i o n  f o r  
s p e c i e s  2 
A s  c a n  be s e e n  i n  T a b l e  8 ,  t h e  m o d i f i e d  IAS model  p r e d i c t i o n s  
w e r e  much closer t o  t h e  e x p e r i m e n t a l  v a l u e s .  
The IAS model was s i m i l a r l y  m o d i f i e d  f o r  t h e  o t h e r  
a d s o r b e n t s  a f t e r  c o m p a r i s o n s  of p r e d i c t e d  and  e x p e r i m e n t a l  
v a l u e s  were made. The b i s o l u t e  d a t a  a n d  t h e  IAS p r e d i c t i o n s  
f o r  t h e  o t h e r  a d s o r b e n t s  are located i n  Appendix  A .  The 
a v e r a g e  r a t i o s  f o r  a l l  5 a d s o r b e n t s  are g i v e n  i n  T a b l e  9 .  
The m o d i f i e d  IAS e q u a t i o n s  were  employed i n  t h e  k i n e t i c  model 
f o r  t h e  s i m u l a t i o n  o f  f i x e d  b e d  p e r f o r m a n c e .  
The d i s c r e p a n c y  be tween  t h e  p r e d i c t e d  a n d  e x p e r i m e n t a l  
c o n c e n t r a t i o n s  i s  somewhat s u r p r i s i n g  i n  l i g h t  o f  t h e  f a c t  
t h a t  IAS t h e o r y  h a s  b e e n  s u c c e s s f u l  i n  p r e d i c t i n g  e q u i l i b r i u m  
i n  o t h e r  p h e n o l i c  s y s t e m s  ( J o s s e n s  e t  a l . ,  1 9 7 8 ;  F r i t z  et- a l . ,  
1 9 8 0 ;  Merk, 1 9 7 8 ) .  The c a u s e o r  c a u s e s  o f t h e  d i s c r e p a n c y  are n o t  
known. Two p o s s i b l e  c a u s e s  o f  i n a c c u r a t e  p r e d i c t i o n s  b y  IAS 
t h e o r y  a r e  (Radke and P r a u s n i t z ,  1 9 7 2 a ) :  a )  i n a c c u r a t e  s p r e a d -  
i n g  p r e s s u r e  i n t e g r a t i o n s  d u e  t o  a  l a c k  o f  s i n g l e - s o l u t e  d a t a  
a t  low s o l u t i o n  c o n c e n t r a t i o n s  a n d  b )  t h e  f a i l u r e  o f  t h e  assump- 
t i o n  o f  a n  i d e a l  a d s o r b e d  s o l u t i o n  d u e  t o  a d e n s e  s u r f a c e  
c o v e r a g e .  T h e s e  two p o s s i b i l i t i e s  p r o b a b l y  do n o t  a p p l y  h e r e  
b e c a u s e  t h e  c o n c e n t r a t i o n  r a n g e  o f  t h e  s i n g l e - s o l u t e  i s o t h e r m s  
and  t h e  b i s o l u t e  s u r f a c e  c o v e r a g e s  i n  t h i s  work a r e  c o m p a r a b l e  
t o  t h o s e  f o r  t h e  o t h e r  p h e n o l i c  s y s t e m s  m e n t i o n e d  a b o v e  t h a t  
are s u c c e s s f u l l y  d e s c r i b e d  by  IAS t h e o r y .  The R v a l u e s  less  
t h a n  u n i t y  i m p l y  t h a t  t h e  e x p e r i m e n t a l  s p r e a d i n g  p r e s s u r e  i s  
less t h a n  what  t h e  t h e o r y  would p r e d i c t .  T h a t  i s ,  t h e  s u r f a c e  
Table 9. Average Ratios of Experimental to Predicted 
Equilibrium Solution Concentrations for 
DMP and DCP 
Adsorbent 
Char 0.661 1.08 
o r  i n t e r f a c i a l  t e n s i o n  h a s  n o t  been lowered  a s  much a s  would 
b e  e x p e c t e d  by t h e o r y .  P o s s i b l y  t h i s  i s  due t o  a  s o l u t e - s o l u t e  
a s s o c i a t i o n  a t  t h e  s u r f a c e .  However, t h e  R v a l u e s  i n  Tab le  9 
a r e  a p p a r e n t l y  dependen t  on t h e  a d s o r b e n t  s i n c e  t h e y  v a r y  
somewhat w i t h  t h e  a d s o r b e n t .  
7 .2  Batch K i n e t i c  S t u d i e s  
Batch  k i n e t i c  tests  w e r e  conduc ted  on a l l  of  t h e  s i n g l e  
s o l u t e - a d s o r b e n t  combina t ions  f o r  which e q u i l i b r i u m  d a t a  had 
been  o b t a i n e d .  The e x p e r i m e n t a l  d a t a  and , , t h e  c o r r e s p o n d i n g  
b e s t  f i t s  o f  t h e  b a t c h  k i n e t i c  model f o r  t h e s e  sys t ems  a r e  
g i v e n  i n  Appendix B .  
7 . 2 . 1  Batch  Rate  T e s t s  and t h e  Conf idence  Region Concept  
The b a t c h  r a t e  t es t  f o r  t h e  s o l u t e  DMP and t h e  ca rbon  
HD-3000 i s  shown i n  F i g u r e  7. The circles i n  t h e  f i g u r e  a r e  
t h e  d a t a  p o i n t s  whereas  t h e  s o l i d  l i n e  i s  t h e  b e s t  f i t  o f  t h e  
b a t c h  k i n e t i c  model t o  t h e  d a t a .  F i g u r e  8  d i s p l a y s  t h e  b a t c h  
r a t e  d a t a  and model b e s t  f i t  f o r  t h e  s o l u t e  R6G and  t h e  80317 
c a r b o n .  The model f i t s  i n  t h e s e  two f i g u r e s  r e p r e s e n t  t h e  
e x t r e m e s  o b t a i n e d  i n  t h i s  s t u d y .  Based on t h e  minimum sample 
, 
d e v i a t i o n ,  SDm, t h e  model was l e a s t  s u c c e s s f u l  i n  d e s c r i b i n g  
t h e  DMP and HD-3000 sys t em (SDm = 0.0243)  and most s u c c e s s f u l  
i n  d e s c r i b i n g  t h e  R6G and 80317 system (SDm = 0 . 0 0 2 5 ) .  The 
sample d e v i a t i o n ,  SD, i s  d e f i n e d  a s :  
Residual Concentration, percent 

i n  which ,  CE = e x p e r i m e n t a l  s o l u t i o n  c o n c e n t r a t i o n  a t  
t i m e  t 
CM = s o l u t i o n  c o n c e n t r a t i o n  f rom t h e  model a t  
t i m e  t 
Co = i n i t i a l  s o l u t i o n  c o n c e n t r a t i o n  
ND = number o f  d a t a  p o i n t s  used  f o r  compar i son  
The sample  d e v i a t i o n  c a n  b e  u t i l i z e d  i n  c o n j u n c t i o n  
w i t h  t h e  c o n f i d e n c e  r e g i o n  c o n c e p t  t o  estimate t h e  a c c u r a c y  
o f  t h e  f i l m  t r a n s f e r  c o e f f i c i e n t  and s u r f a c e  d i f f u s i v i t y  
o b t a i n e d  f rom a b a t c h  r a t e  t e s t .  The a p p r o x i m a t e  95% c o n f i d -  
e n c e  r e g i o n  is  d e t e r m i n e d  w i t h  t h e  e q u a t i o n  be low ( D r a p e r  and 
Smi th ,  1966)  : 
i n  which ,  FD = F  d i s t r i b u t i o n  f o r  95% c o n f i d e n c e  r e g i o n  w i t h  
p  and ND-p d e g r e e s  o f  f reedom 
ND = number o f  d a t a  p o i n t s  
p  = number o f  p a r a m e t e r s  
SDm = minimum sample  d e v i a t i o n  
Sog5 = sample  d e v i a t i o n  a t  t h e  95% c o n f i d e n c e  l i m i t  
An i l l u s t r a t i o n  o f  a  95% c o n f i d e n c e  r e g i o n  i s  g i v e n  i n  
F i g u r e  9  f o r  t h e  model f i t  t o  t h e  b a t c h  r a t e  d a t a  o f  t h e  s o l u t e  
Film Transfer Coefficient ( K f ) ,  x 10-'cm/sec 
DMP and  t h e  F-400 c a r b o n .  F o r  t h i s  case t h e  minimum sample  
d e v i a t i o n  i s  0 .0136 ,  and  t h e  sample  d e v i a t i o n  a t  t h e  95% 
c o n f i d e n c e  l i m i t  i s  0 .0168 .  The sample  d e v i a t i o n  h a s  a v a l u e  
o f  0 .0168  f o r  any  p a i r  o f  K and  Ds v a l u e s  t h a t  f a l l s  on  t h e  f  
b o r d e r  o f  t h e  c o n f i d e n c e  r e g i o n  and a v a l u e  less t h a n  0.0168 
f o r  any  p a i r  w i t h i n  t h e  r e g i o n .  The f i l m  t r a n s f e r  c o e f f i c i e n t  
and  s u r f a c e  d i f f u s i v i t y  c o r r e s p o n d i n g  t o  t h e  b e s t  f i t  o f  t h e  
model ,  i .e . , t h e  minimum sample  d e v i a t i o n ,  a re  5 .20  x  
2  
cm/sec and 9 .48 x  LO-' c m  /sec, r e s p e c t i v e l y .  With 95% con- 
-3 f i d e n c e ,  K f  c a n  v a r y  f rom 4.56 x  10  ( - 1 2 % )  t o  6 .50 x  
(+  25%)  cm/sec, a n d  DS c a n  v a r y  f rom 8 .62  x  LO-'  ( -  9 % )  t o  
1 . 04  x  1 0  2  -lo (+  1 0 % )  c m  /sec. Thus t h e  f i l m  t r a n s f e r  c o e f f i -  
c i e n t  w a s  less  a c c u r a t e l y  d e t e r m i n e d  t h a n  t h e  s u r f a c e  d i f f u -  
sivity. F o r  a l l  o f  t h e  s o l u t e - a d s o r b e n t  c o m b i n a t i o n s  i n  t h i s  
r e s e a r c h ,  t h e  s u r f a c e  d i f f u s i v i t y  w a s  t h e  more a c c u r a t e l y  
e s t i m a t e d  r a t e  p a r a m e t e r .  
The v a l u e  o f  t h e  SDg5, and  t h e r e f o r e  t h e  s i z e  o f  t h e  
c o n f i d e n c e  r e g i o n ,  i s  d e p e n d e n t  upon t h e  number of  d a t a  p o i n t s  
and  t h e  v a l u e  o f  t h e  SDm. The a c c u r a c y  i n  e s t i m a t i n g  t h e  
p a r a m e t e r s  K f  and  Ds would b e  e x p e c t e d  t o  improve  w i t h  a n  
i n c r e a s i n g  number o f  d a t a  p o i n t s  and  a d e c r e a s i n g  v a l u e  o f  
t h e  SDm. I t  s h o u l d  be  n o t e d  a l s o  t h a t  t h e  Sherwood number 
( e q u a t i o n  47 )  , which r e f l e c t s  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  
f i l m  t r a n s f e r  and s u r f a c e  d i f f u s i o n  t o  t h e  r a t e  o f  mass 
t r a n s f e r ,  p l a y s  a  r o l e  i n  a f f e c t i n g  t h e  s i z e  and shape  o f  t h e  
c o n f i d e n c e  r e g i o n .  F o r  Sherwood numbers below a  v a l u e  o f  
a b o u t  1, f i l m  t r a n s f e r  s h o u l d  b e  t h e  more i n f l u e n t i a l  r a t e  
s t e p  whereas  above t h i s  v a l u e  s u r f a c e  d i f f u s i o n  s h o u l d  b e  more 
i n f l u e n t i a l .  T h e r e f o r e ,  a s  t h e  Sherwood number i n c r e a s e s ,  
t h e  f i l m  t r a n s f e r  c o e f f i c i e n t  i s  less  a c c u r a t e l y  de t e rmined  
and t h e  s u r f a c e  d i f f u s i v i t y  i s  more a c c u r a t e l y  de t e rmined .  
The Sherwood number v a r i e d  from a  low o f  6 t o  a  h i g h  o f  99 i n  
t h e  b a t c h  tests  w i t h  t h e  p h e n o l i c  compounds and was much 
g r e a t e r  t h a n  100 f o r  t h e  tests  w i t h  R6G. Thus one would have  
e x p e c t e d  t h a t  t h e  s u r f a c e  d i f f u s i v i t y  was t h e  more a c c u r a t e l y  
e s t i m a t e d  r a t e  p a r a m e t e r .  
The c o n f i d e n c e  r e g i o n  c o n c e p t  c a n  a l s o  b e  o f  b e n e f i t  
i n  comparing k i n e t i c  p a r a m e t e r s  f o r  two d i f f e r e n t  s y s t e m s ,  
such  a s  t h e  Ds v a l u e s  o f  two c a r b o n s  f o r  a  p a r t i c u l a r  s o l - u t e .  
I f  t h e  95% c o n f i d e n c e  r e g i o n s  o f  t h e  s u r f a c e  d i f f u s i v i t i e s  
o f  t h e  s o l u t e  f o r t h e t w o  c a r b o n s  d o  n o t  o v e r l a p ,  t h e n  one  c a n  
s a y  w i t h  a t  l e a s t  95% c o n f i d e n c e  t h a t ,  based  on t h e  tests 
per formed,  t h e  two Ds v a l u e s  o f  b e s t  f i t  a r e  s i g n i f i c a n t l y  
d i f f e r e n t .  I f  t h e  r e g i o n s  do  o v e r l a p ,  a  more s o p h i s t i c a t e d  
p r o c e d u r e ,  s u c h  a s  one based  on t h e  t - t e s t ,  migh t  b e  appro-  
p r i a t e  t o  d i s t i n g u i s h  any d i f f e r e n c e .  
7 . 2 . 2  Ba tch  F i lm  T r a n s f e r  C o e f f i c i e n t s  
Tab le  1 0  c o n t a i n s  t h e  b a t c h  f i l m  t r a n s f e r  c o e f f i c i e n t s  
d e t e r m i n e d  f o r  t h e  t h r e e  s o l u t e s .  From t h e  K f  v a l u e s  o f  b e s t  
f i t  i t  a p p e a r s  t h a t  t h e  a d s o r b e n t s  e x h i b i t e d  d i f f e r e n t  t r a n s f e r  
T a b l e  1 0 .  B a t c h  F i l m  T r a n s f e r  C o e f f i c i e n t s  
f o r  t h e  S e l e c t e d  S o l u t e s  
- --- 
A d s o r b e n t  K f ,  cm/sec x 1 0  3  
DMP DCP R6G 
F-400 5 . 2 0 ( 4 . 6 - 6 . 5 ) *  5 . 2 8  (5 .0 -5 .6 )  - > 4  (I-> 1 0 0 0 )  
WV-W 4 . 9 5 ( 4 . 0 - 6 . 8 )  5 . 1 2 ( 4 . 5 - 6 . 1 )  > - 2 (1 ->1000)  
HD-3000 1 3  (3.0->lOOO) 9 . 7  (3.6->lOOO) > 5 0  - (0.6->lOOO) 
C h a r  9 . 0  (2.6->lOOO) 9  . O  ( 2 . 6 - > 1 0 0 0 )  > l 0 ( 0 . 4 - > l O O O )  - 
80317 5 .68  (3 .8 ->1000)  5 . 0 5  ( 4  . l - 6 . 7 )  > 3  - ( 1 - > l O O O )  
8 0 3 1 7 - C o n t r o l  6 .76  ( 4  .l- >1000)  -- -- 
08 317-C1 1 . 6 9 ( 1 . 6 - 1 . 8 )  -- -- 
*The numbers  i n  p a r e n t h e s e s  r e p r e s e n t  t h e  9 5 %  c o n f i d e n c e  
r e g i o n .  
c o e f f i c i e n t s .  The con f idence  r e g i o n s  o f  t h e  a d s o r b e n t s  f o r  
a p a r t i c u l a r  s o l u t e  o v e r l a p  though,  w i t h  t h e  e x c e p t i o n  of 
t h e  c h l o r i n a t e d  ca rbon  80317-C1. Thus t h e  80317-C1 ca rbon  
had a  f i l m  t r a n s f e r  c o e f f i c i e n t  t h a t  was s i g n i f i c a n t l y  
d i f f e r e n t  from t h e  o t h e r  a d s o r b e n t s .  T h i s  f i n d i n g  was con- 
f i r m e d  d u r i n g  t h e  f ixed-bed  work. (See S e c t i o n  7 .3 .2 . )  The 
l i t e r a t u r e  c o r r e l a t i o n  f o r  t h e  f ixed-bed  f i l m  t r a n s f e r  coe f -  
f i c i e n t  p r e d i c t e d  a  much h i g h e r  Kf v a l u e  f o r  t h e  80317-C1 
ca rbon  t h a n  e x p e r i m e n t a l l y  obse rved ,  y e t . i t  worked w e l l  f o r  
t h e  o t h e r  a d s o r b e n t s .  S ince  %he c o n f i d e n c e  r e g i o n s  f o r  t h e  
80317 and 80317-cont ro l  ca rbons  o v e r l a p ,  most o f  t h e  change 
i n  t h e  f i l m  t r a n s f e r  c h a r a c t e r i s t i c s  i s  due t o  t h e  chemica l  
a c t i o n  o f  t h e  c h l o r i n e  i t s e l f .  
For  t h e  dye R6G i n  p a r t i c u l a r ,  t h e  f i l m  t r a n s f e r  
c o e f f i c i e n t s  w e r e  n o t  w e l l  d e t e r m i n e d .  The e f f e c t  o f  f i l m  
t r a n s f e r  was p r a c t i c a l l y  e l i m i n a t e d  f o r  R6G a s ,  above a  
c e r t a i n  v a l u e ,  t h e  c o e f f i c i e n t  had no e f f e c t  o n  t h e  b e s t  
f i t  o f  t h e  model. The Sherwood numbers f o r  t h e  b a t c h  tes ts  
w i t h  t h e  dye exceeded 100 ,  an  i n d i c a t i o n  t h a t  s u r f a c e  d i f -  
f u s i o n  was t h e  predominant  f a c t o r  i n  c o n t r o l l i n g  t h e  r a t e  o f  
a d s o r p t i o n .  
7 .2 .3  S u r f a c e  D i f f u s i v i t i e s  f o r  3 ,5-Dimethylphenol  
Tab le  11 g i v e s  t h e  s u r f a c e  d i f f u s i v i t i e s  e s t i m a t e d  
f o r  DMP from t h e  b a t c h  k i n e t i c  t e s t s .  I n  view o f  t h e  l a c k  
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o f  c o n f i d e n c e  r e g i o n  o v e r l a p ,  s i g n i f i c a n t  d i f f e r e n c e s  i n  
d i f f u s i v i t i e s  o c c u r  be tween  t h e  F-400 c a r b o n  and a l l  t h e  
o t h e r  a d s o r b e n t s ,  be tween  t h e  80317-C1 c a r b o n  a n d  a l l  t h e  
o t h e r  a d s o r b e n t s ,  and  between t h e  c h a r  and t h e  WV-W c a r b o n .  
The l a r g e s t  d i f f e r e n c e  i s  t h e  h i g h e r  v a l u e  f o r  t h e  F-400 
c a r b o n  a s  compared t o  t h e  o t h e r  a d s o r b e n t s .  
The c h l o r i n a t i o n  p r e t r e a t m e n t  r e d u c e d  t h e  s u r f a c e  
d i f f u s i v i t y  o f  t h e  80317 c a r b o n  by a p p r o x i m a t e l y  27 p e r c e n t ,  
which w a s  s t a t i s t i c a l l y  s i g n i f i c a n t .  F u r t h e r m o r e ,  t h e  p r e -  
t r e a t m e n t  p r o c e d u r e  w i t h o u t  c h l o r i n e  had  l i t t l e  e f f e c t  on  
t h e  d i f f u s i v i t y  a s  shown by  t h e  o v e r l a p p i n g  c o n f i d e n c e  r e g i o n s  
f o r  t h e  80317 and 80317-c ,ontrol  c a r b o n s .  C o n s e q u e n t l y ,  t h e  
r e d u c t i o n  i n  Ds i s  a t t r i b u t a b l e  l a r g e l y  t o  t h e  c h e m i c a l  a c t i o n  
o f  t h e  c h l o r i n e .  D i t l  e t  a l .  (1978)  s i m i l a r l y  d i s c o v e r e d  t h a t  
t h e  o x i d a t i o n  o f  a  c a r b o n  w i t h  ammonium p e r s u l f a t e  r e d u c e d  
t h e  p o r e  d i f f u s i v i t i e s  o f  u r e a  and g l u c o s e .  
The t e s t  w i t h  t h e  80317 c a r b o n  was r e p e a t e d  t o  check  
t h e  r e p r o d u c i b i l i t y  o f  t h e  b a t c h  k i n e t i c  p r o c e d u r e .  The 
s u r f a c e  d i f f u s i v i t y  f rom t h e  s econd  t e s t  was d e t e r m i n e d  t o  b e  
2  4 . 1 3  x  LO-' c m  /sect which was r emarkab ly  c l o s e  t o  t h e  p r e -  
2  
v i o u s l y  e s t i m a t e d  v a l u e  o f  4 .12 x lo - '  c m  /sec. 
7 .2 .4  S u r f a c e  D i f f u s i v i t i e s  f o r  3 , 5 -D ich lo ropheno l  
A s  w i t h  DMP, t h e  s u r f a c e  d i f f u s i v i t y  f o r  DCP was 
h i g h e s t  w i t h  t h e  F-400 c a r b o n .  T h i s  i s  shown i n  T a b l e  1 2 .  
PO'S 
50-5 
PO ' 9 
9T.9 
S'ST 
From t h e  c o n f i d e n c e  r e g i o n s  one c a n  d e t e r m i n e  t h a t  s i g n i f i -  
c a n t  d i f f e r e n c e s  i n  Ds v a l u e s  o c c u r  between t h e  F-400 carbon 
and a l l  t h e  o t h e r  a d s o r b e n t s ,  between t h e  WV-W and 80317 
c a r b o n s ,  and between t h e  c h a r  and t h e  80317 ca rbon .  
An e x a m i n a t i o n  o f  T a b l e s  11 and 1 2  r e v e a l s  t h a t  f o r  
any p a r t i c u l a r  a d s o r b e n t  the d i f f u s i v i t y  i s  g r e a t e r  f o r  DCP 
t h a n  DMP. That  i s ,  t h e  DCP molecule  a p p e a r s  t o  d i f f u s e  more 
r a p i d l y  w i t h i n  an  a d s o r b e n t  p a r t i c l e .  Note ,  however,  t h a t  
o n l y  f o r  t h e  c h a r  and  t h e  F-400 and WV-W c a r b o n s  do  t h e  con- 
f  i d e n c e  r e g i o n s .  n o t  o v e r l a p .  
7 .2 .5  S u r f a c e  Dif f u s i v i t i e s  f o r  Rhodamine 6 G  
The s u r f a c e  d i f f u s i v i t i e s  f o r  t h e  dye R6G a r e  
p r e s e n t e d  i n  T a b l e  13.  The c h a r  h a s  t h e  h i g h e s t  
d i f f u s i v i t y  w h i l e  t h e  h i g h e s t  d i f f u s i v i t y  o f  t h e  c a r b o n s  is  
p o s s e s s e d  by t h e  HD-3000. None o f  t h e  c o n f i d e n c e  r e g i o n s  
o v e r l a p ,  s o  a l l  o f  t h e  Ds v a l u e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  
f rom one a n o t h e r .  Because o f  t h e  h i g h e r  Sherwood numbers i n  
t h e  R 6 G  b a t c h  sys t ems  (Sh > l o o ) ,  t h e  s u r f a c e  d i f f u s i v i t i e s  
w e r e  more a c c u r a t e l y  e s t i m a t e d  t h a n  i n  t h e  c a s e  o f  t h e  pheno l s .  
A s  one n i g h t  e x p e c t ,  t h e  l a r g e r  dye molecule  d i f f u s e d  
more s lowly  t h a n  t h e  pheno l s .  Fo r  each  a d s o r b e n t  t h e  d i f -  
f u s i v i t y  of t h e  R 6 G  was more t h a n  a n  o r d e r  o f  magni tude less 
t h a n  t h o s e  f o r  t h e  p h e n o l s .  
T a b l e  1 3 .  S u r f a c e  D i f f u s i v i t i e s  f o r  
Rhodamine 6G 
A d s o r b e n t  Ds I x cm2/sec 
C h a r  
HD-3000 
F-400 
80317 
WV-W 
B e s t  F i t  9  5% C o n f i d e n c e  
3 . 6 5  3.40-3.96 
2 . 0 1  1 .85-2 .32  
1 . 4 0  1 . 3 6 - 1 . 4 6  
1 . 3 0  1 . 2 7 - 1 . 3 3  
1 . 0 7  1 . 0 4 - 1 . 1 1  
7 . 3  Fixed-Bed S t u d i e s  
7 . 3 . 1  S i n g l e - S o l u t e  S y s t e m s  
A number o f  f i x e d - b e d  e x p e r i m e n t s  were c a r r i e d  o u t  
w i t h  s i n g l e - s o l u t e  s y s t e m s  t o  p r o v i d e  d a t a  w i t h  which  t h e  
a c c u r a c y  o f  t h e  f i x e d  bed model  c o u l d  b e  j u d g e d .  Of p a r t i c u l a r  
i n t e r e s t  w a s  t h e  s t u d y  o f  t h e  a b i l i t y  o f  t h e  model  t o  p r e d i c t  
t h e  d e s o r p t i o n  r e s u l t i n g  f rom a s t e p  c h a n g e  i n  i n f l u e n t  
c o n c e n t r a t i o n .  
A b r e a k t h r o u g h  c u r v e  f o r  t h e  s o l u t e  DMP a d s o r b e d  by 
t h e  80317 c a r b o n  i s  g i v e n  i n  F i g u r e  1 0 .  The a b s c i s s a  i s  
e x p r e s s e d  i n  bed  vo lumes ,  which  i s  d e f i n e d  as t h e  volume o f  
s o l u t i o n  t r e a t e d  d i v i d e d  by  t h e  volume o f  t h e  a d s o r b e n t  b.ed. 
The e f f l u e n t  c o n c e n t r a t i o n  h a s  been n o r m a l i z e d  b y  d i v i d i n g  it 
w i t h  t h e  i n f l u e n t  c o n c e n t r a t i o n .  F o r  t h i s  e x p e r i m e n t  t h e  
i n f l u e n t  c o n c e n t r a t i o n  w a s  h e l d  c o n s t a n t  a t  1 . 0 1  mrnole/l. 
2 The f l o w  ra te  w a s  9 .34 m/hr ( 3 . 8 2  gpm/f t  ) . The w e i g h t  and 
l e n g t h  o f  t h e  c a r b o n  bed  were 6 . 9 3  grams a n d  6  - 3 7  cm, r e s p e c -  
t i v e l y .  The e f f l u e n t  c u r v e  i n  F i g u r e  1 0  h a s  somewhat o f  a n  
S - s h a p e ,  b u t  t a i l i n g  i s  a p p a r e n t  a t  t h e  h i g h e r  c o n c e n t r a t i o n s .  
The s o l i d  l i n e  i s  t h e  p r e d i c t i o n  o f  t h e  f i x e d - b e d  mode l ,  a n d  
t h e r e  i s  good a g r e e m e n t  between t h e  p r e d i c t i o n  a n d  t h e  e x -  
p e r i m e n t a l  d a t a .  
F i g u r e  11 d i s p l a y s  t h e  b r e a k t h r o u g h  c u r v e  f o r  R 6 G  
f r o m  a  b e d  o f  t h e  80317 c a r b o n .  The e x p e r i m e n t a l  d a t a  show 
t h a t  t h e  e f f l u e n t  c o n c e n t r a t i o n  r o s e  r a p i d l y  a t  f i r s t  b u t  
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t h e n  approached  s a t u r a t i o n  v e r y  s l o w l y .  T h i s  b r e a k t h r o u g h  
c u r v e  s h a p e ,  which was s a t i s f a c t o r i l y  p r e d i c t e d  by t h e  model,  
was a  consequence  o f  t h e  low s u r f a c e  d i f f u s i v i t y  f o r  R6G. 
The r e s u l t s  o f  a  column r u n  w i t h  a  v a r i a b l e  i n f l u e n t  
c o n c e n t r a t i o n  a r e  p r e s e n t e d  i n  F i g u r e  1 2 .  The s o l u t e  DMP was 
f i r s t  f e d  a t  a  c o n c e n t r a t i o n  o f  1 .00  rnmole/l t o  a  bed of  t h e  
HD-300 c a r b o n .  A t  2499 bed volumes t h e  i n f l u e n t  was r educed  
t o  0.200 mrnole/l, and d e s o r p t i o n  i n t o  t h e  e f f l u e n t  ensued .  
The d r o p  i n  t h e  f e e d  c o n c e n t r a t i o n  caused  t h e  e f f l u e n t  con- 
c e n t r a t i o n  t o  d e c l i n e  r a p i d l y  and t h e n  s l o w l y  approach  t h e  
new f e e d  v a l u e .  The model was a b l e  t o  w e l l  p r e d i c t  t h e  e f f l u -  
e n t  b o t h  b e f o r e  and a f t e r  t h e  change i n  t h e  i n f l u e n t  concen- 
t r a t i o n .  
I n  a n o t h e r  e x p e r i m e n t ,  t h e  i n f l u e n t  c o n c e n t r a t i o n  was 
r educed  t o  z e r o  a f t e r  a  p e r i o d  of  a d s o r p t i o n .  T h i s  i s  shown 
i n  F i g u r e  1 3  f o r  DMP and t h e  80317 c a r b o n .  The i n f l u e n t  
c o n c e n t r a t i o n  was i n i t i a l l y  1 . 0 1  mmole/l ,  b u t  a t  2873 bed 
volumes it was r educed  t o  z e r o .  With no DMP e n t e r i n g  t h e  
column t h e  s o l u t e  on t h e  ca rbon  began t o  d e s o r b ,  and t h e  con- 
c e n t r a t i o n  i n  t h e  e f f l u e n t  exceeded  t h a t  i n  t h e  i n f l u e n t .  
A f t e r  f a l l i n g  q u i c k l y ,  t h e  e f f l u e n t  c o n c e n t r a t i o n  e x h i b i t e d  
a  g r a d u a l  d e c l i n e .  From mass b a l a n c e  c a l c u l a t i o n s ,  one  c a n  
conc lude  t h a t  t h e  d e s o r p t i o n  was a  r e l a t i v e l y  s low p r o c e s s  
unde r  t h e s e  o p e r a t i n g  c o n d i t i o n s .  Al though t h e  t i m e  a l l owed  
f o r  d e s o r p t i o n  was a l m o s t  t w i c e  t h a t  f o r  a d s o r p t i o n ,  o n l y  
a b o u t  40 p e r c e n t  o f  t h e  DMP on t h e  ca rbon  a t  2873 bed volumes 
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had been  removed when t h e  expe r imen t  was s t o p p e d .  The model 
p r e d i c t i o n  f o l l o w e d  t h e  d a t a  r a t h e r  c l o s e l y  f o r  b o t h  t h e  
a d s o r p t i o n  and d e s o r p t i o n  p h a s e s .  
The r e s u l t s  o f  a  bed r u n  w i t h  R6G and t h e  WV-W c a r b o n  
a r e  d i s p l a y e d  i n  F i g u r e  1 4 .  G e n e r a l l y  good agreement  between 
t h e  model p r e d i c t i o n  and e x p e r i m e n t a l  d a t a  was a c h i e v e d .  
The R6G, i n i t i a l l y  a t  a  s t r e n g t h  o f  0 .0987 mmole/l,  was 
removed from t h e  i n f l u e n t  a f t e r  2348 bed volumes.  The e l i m -  
i n a t i o n  o f  t h e  s o l u t e  from t h e  i n f l u e n t  produced a  s h a r p  
d e c l i n e  i n  t h e  e f f l u e n t  c o n c e n t r a t i o n .  By t h e  end of  t h e  
e x p e r i m e n t  t h e  c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  had been  r educed  
t o  less  t h a n  1 p e r c e n t  o f  i t s  maximum, y e t  from a  mass b a l a n c e  
it was de t e rmined  t h a t  o n l y  a b o u t  3  p e r c e n t  o f  t h e  R6G on  
t h e  c a r b o n  had been  d e s o r b e d .  Obvious ly  t h e  d e s o r p t i o n  was 
p r o g r e s s i n g  q u i t e  s l o w l y .  
Another  bed r u n ,  shown i n  F i g u r e  15 ,  was conduc ted  
i n  which t h e  HD-3000 c a r b o n  underwent  a d s o r p t i o n ,  d e s o r p t i o n  
and f i n a l l y  a d s o r p t i o n  f o r  a  second t i m e .  The s o l u t e  DCP 
was removed from t h e  i n f l u e n t  a t  2669 bed volumes and was 
r e i n t r o d u c e d  a t  6673 bed volumes,  The model s a t i s f a c t o r i l y  
p r e d i c t e d  t h e  e f f l u e n t  f o r  a l l  3  p h a s e s  of  t h e  r u n .  The 
r e s u l t s  i n  F i g u r e  15 d e m o n s t r a t e  t h a t  t h e  e f f l u e n t  c u r v e  
was s t e e p e r  f o r  t h e  second  s t e p  o f  a d s o r p t i o n  a s  compared t o  
t h e  f i r s t .  T h i s  phenomenon c a n  b e  e x p l a i n e d  on t h e  b a s i s  o f  
c a p a c i t y .  Because t h e  d e s o r p t i o n  s t e p  removed o n l y  abou t  38 
p e r c e n t  o f ' t h e  DCP from t h e  ca rbon ,  t h e r e  was a l r e a d y  some 
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s o l u t e  adso rbed  when t h e  second  a d s o r p t i o n  s t e p  was i n i t i a t e d .  
With some o f  t h e  c a p a c i t y  a l r e a d y  t a k e n ,  one would e x p e c t  a  
f a s t e r  r i s e  i n  t h e  e f f l u e n t  c o n c e n t r a t i o n .  
The f i xed -bed  model u t i l i z e d  t h e  b e s t  f i t  v a l u e s  o f  
t h e  s u r f a c e  d i f f u s i v i t i e s  d e r i v e d  from t h e  ba.t.ch k i n e t i c  
s t u d i e s .  Al though t h e  d i f f u s i v i t y  v a l u e s  c o n t a i n e d  u n c e r t a i n -  
t i e s ,  t h e y  were d e t e r m i n e d  w i t h  s u f f i c i e n t  a c c u r a c y  t o  p r o v i d e  
t h e  s a t i s f a c t o r y  f i t s  o b t a i n e d  i n  t h e  p r e c e d i n g  f i g u r e s .  
The l i t e r a t u r e  c o r r e l a t i o n  f o r  t h e  f i x e d - b e d  f i l m  t r a n s f e r  
c o e f f i c i e n t ,  a l t h o u g h  a n  app rox ima t ion ,  was a l s o  shown t o  be  
g e n e r a l l y  s u i t a b l e .  However, t h e  f i l m  t r a n s f e r  c o r r e l a t i o n  
f a i l e d  f o r  t h e  80317-C1 c a r b o n ,  a s  d i s c u s s e d  i n  S e c t i o n  7.3.3. 
7 .3 .2  D e s o r p t i o n  and R e v e r s i b i l i t y  o f  A d s o r p t i o n  
A p o i n t  o f  i n t e r e s t  s h o u l d  b e  b r o u g h t  o u t  c o n c e r n i n g  
t h e  r e s u l t s  o f  d e s o r p t i o n  shown i n  F i g u r e s  1 2  t h r o u g h  1 5 .  
The model a s  deve loped  d o e s  n o t  a c c o u n t  f o r  e q u i l i b r i u m  
h y s t e r e s i s  and i r r e v e r s i b i l i t y  o f  a d s o r p t i o n .  T h a t  i s ,  i t  
assumes a d s o r p t i o n  t o  be  c o m p l e t e l y  r e v e r s i b l e .  S i n c e  t h e  
model s a t i s f a c t o r i l y  d e s c r i b e d  t h e  d e s o r p t i o n  d a t a ,  i t  i s  
l i k e l y  t h a t  i r r e v e r s i b i l i t y  was n o t  a  f a c t o r  i n  t h e  sys tems  
s t u d i e d .  
7.3 .3  E f f e c t  o f  C h l o r i n e  P r e t r e a t m e n t  on Fixed-Bed 
Performance o f  80317 Carbon 
A f ixed-bed  s t u d y  was conduc ted  t o  e v a l u a t e  t h e  
o v e r a l l  e f f e c t  o f  t h e  c h l o r i n e  p r e t r e a t m e n t  ( 0 . 3  g  a s  
C 1 2  r e a c t e d  p e r  g  o f  ca rbon)  on t h e  a d s o r p t i v e  per formance  
o f  t h e  80317 ca rbon .  The e x p e r i m e n t a l  d a t a  f o r  t h e  
c h l o r i n a t e d  ca rbon  80317-C1 a r e  p r e s e n t e d  i n  F i g u r e  16 .  
The DMP s o l u t i o n  was a p p l i e d  a t  a  c o n c e n t r a t i o n  o f  1 . 0 1  
2  
mmole/l and  a t  a  r a t e  o f  8.92 m/hr (3 .65  gpm/f t  ) .  The bed 
w e i g h t  and  bed l e n g t h  were 6.33 grams and  5.40 c m ,  r e s p e c t i v e l y .  
The r a p i d  i n i t i a l  b r eak th rough  shown by t h e  d a t a  i n  
F i g u r e  16  i n d i c a t e d  t h e r e  was s u b s t a n t i a l  mass t r a n s f e r  
r e s i s t a n c e .  I n  f a c t  t h e  model,  w i t h  t h e  Kf  v a l u e  c a l c u l a t e d  
from t h e  l i t e r a t u r e  c o r r e l a t i o n ,  p r e d i c t e d  a  much lower  e f f l u e n t  
c o n c e n t r a t i o n  t h a n  t h a t  obse rved  f o r  t h e  e a r l y  p a r t  o f  t h e  r u n .  
Because f i l m  t r a n s f e r  t e n d s  t o  e x e r t  i t s  g r e a t e s t  c o n t r o l  o v e r  
t h e  r a t e  of  mass t r a n s f e r  d u r i n g  t h e  e a r l y  p o r t i o n  o f  a  bed 
r u n ,  and because  t h e  b a t c h  Kf  f o r  t h e  80317-C1 was s i g n i f i -  
c a n t l y  lower  t h a n  t h o s e  f o r  t h e  o t h e r  a d s o r b e n t s ,  t h e  f i x e d -  
bed Kf  was lowered u n t i l  t h e  b e s t  f i t  was a c h i e v e d  a s  shown 
i n  F i g u r e  16.  The r a t i o  o f  b e s t  f i t  t o  l i t e r a t u r e  K f  was 
25 p e r c e n t .  S i n c e  t h e  l i t e r a t u r e  c o r r e l a t i o n  worked w e l l  f o r  
t h e  v i r g i n  80317 ca rbon  ( F i g u r e s  10  and 1 3 ) ,  t h e  c h l o r i n e  
must have  d e t r i m e n t a l l y  a l t e r e d  t h e  f i l m  t r a n s f e r  c h a r a c t e r -  
i s t i c s  of  t h e  ca rbon .  Of r e l a t e d  i n t e r e s t ,  van V l i e t  and 
Weber (1979)  d i s c o v e r e d  t h a t  s e v e r a l  s y n t h e t i c  a d s o r b e n t s  
had obse rved  f i l m  t r a n s f e r  c o e f f i c i e n t s  less t h a n  t h a t  
Eff luent  Concentration, C/Co 
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p r e d i c t e d  b y ' t h e  same c o r r e l a t i o n  o f  Williamson e t  a l .  
I__ 
(1963) used he re .  
I t  i s  worthwhile  t o  b r i e f l y  s p e c u l a t e  on t h e  manner 
i n  which t h e  c h l o r i n e  a l t e r e d  t h e  e x t e r n a l  s u r f a c e  o f  the 
carbon.  The o x i d a t i v e  a t t a c k  of  t h e  c h l o r i n e  might  have 
smoothed t h e  e x t e r n a l  s u r f a c e  by t h e  a d d i t i o n  of s u r f a c e  
o x i d e s  and/or t h e  removal of carbon.  The smoothed s u r f a c e  
cou ld  mean poore r  f i l m  t r a n s f e r  due t o  e i t h e r  a r e d u c t i o n  i n  
s u r f a c e  e d d i e s  or  a  r e d u c t i o n  i n  e x t e r n a l  s u r f a c e  a r e a .  
Experiments  w i t h  o b j e c t i v e s  beyond t h o s e  o f  t h i s  s t u d y  a r e  
needed t o  e s t a b l i s h  t h e  a c t u a l  c a u s e  o f  t h e  change i n  f i l m  
t r a n s f e r  c h a r a c t e r i s t i c s .  
Also inc luded  i n  F i g u r e  16 i s  a  model p r e d i c t i o n  ' f o r  
t h e  80317 carbon under  i d e n t i c a l  c o n d i t i o n s .  For  a t r e a t m e n t  
o b j e c t i v e  o f  20 p e r c e n t  breakthrough (C/Co = 0 .2 )  , as an example, 
t h e  80317 carbon t r e a t e d  470 bed volumes o f  s o l u t i o n  whereas t h e  
80317-C1 carbon t r e a t e d  o n l y  110.  The d e t r i m e n t a l  e f f e c t  of  
t h e  c h l o r i n e  was t h e  cumula t ive  r e s u l t  n o t  o n l y  of  a  lowered 
f i l m  t r a n s f e r  c o e f f i c i e n t ,  b u t  a lso  o f  a  lowered s u r f a c e  d i f -  
f u s i v i t y  and c a p a c i t y .  (See S e c t i o n s  7 . 1 . l a  and 7 . 2 . 3 . )  
The i n f l u e n c e  o f  c h l o r i n e  on t h e  a d s o r p t i v e  p e r f o r -  
mgmc6t of a c t i v a t e d  carbon grows wi th  t h e  amount of  c h l o r i n e  
r e a c t e d  p e r  mass o f  carbon (McGuire, 1 9 7 7 ) ,  and no i n f l u e n c e  
may be  seen  a t  low l e v e l s  of r e a c t i o n  (Weber e t  a l . ,  1979 . 
-
The d e g r e e - o f  harm done t o  an a d s o r p t i o n  u n i t  i n  a  t r e a t m e n t  
p l a n t  w i l l  l i k e l y  v a r y  w i t h  a number o f  c o n d i t i o n s ,  i n c l u d -  
i n g  c h l o r i n e  c o n c e n t r a t i o n .  
7 .3 .4  B i s o l u t e  S y s t e m s  
F o u r  b i s o l u t e  f i x e d - b e d  e x p e r i m e n t s  were p e r f o r m e d  i n  
o r d e r  t o  v e r i f y  t h e  b i s o l u t e  model and t o  e v a l u a t e  t h e  a b i l i t y  
o f  t h e  model  t o  a c c o u n t  f o r  a s t e p  c h a n g e  i n  i n f l u e n t  con- 
c e n t r a t i o n .  A s  w i t h  t h e  s i n g l e - s o l u t e  b e d  p r e d i c t i o n s ,  
s u r f a c e  d i f f u s i v i t i e s  o f  b e s t  f i t  f rom t h e  b a t c h  tests a n d  
f i l m  t r a n s f e r  c o e f f i c i e n t s  f r o m  t h e  l i t e r a t u r e  c o r r e l a t i o n  
were t h e  k i n e t i c  i n p u t s  t o  t h e  model .  The s o l u t e s  w e r e  
assumed t o  d i f f u s e  i n d e p e n d e n t l y  o f  o n e  a n o t h e r  s u c h  t h a t  
t h e  b i s o l u t e  e q u i l i b r i u m  e x p r e s s i o n s  f u l l y  a c c o u n t e d  f o r  t h e  
i n t e r a c t i o n  of t h e  s o l u t e s .  The p r e d i c t i o n s  shown i n  t h e  
f o l l o w i n g  f i g u r e s  u s e d  t h e  m o d i f i e d  IAS e q u a t i o n s ,  a s  d i s -  
c u s s e d  i n  S e c t i o n  7 . 1 . 2 ,  t o  d e s c r i b e  b i s o l u t e  e q u i l i b r i u m .  
T h e s e  p r e d i c t i o n s  b e t t e r  d e s c r i b e d  t h e  e x p e r i m e n t a l  d a t a  t h a n  
t h o s e  u s i n g  t h e  u n m o d i f i e d  IAS t h e o r y .  
F i g u r e  1 7  p r e s e n t s  t h e  r e s u l t s  o f  a  r u n  i n  which t h e  
i n f l u e n t  c o n c e n t r a t i o n s  were h e l d  c o n s t a n t .  The s o l u t e s  DMP 
( s p e c i e s  1) a n d  DCP ( s p e c i e s  2 )  were a p p l i e d  s i m u l t a n e o u s l y  
a t  c o n c e n t r a t i o n s  o f  0.979 mrnole/l a n d  1 . O 1  mmole/l, r e s p e c . -  
t i ve ly .  t o  a b e d  o f  t h e  80317 c a r b o n .  The bed  h a d  a  w e i g h t  o f  
6 . 0 3  g rams  and  a l e n g t h  o f  5.20 cm. The f l o w  rate w a s  main- 
2  t a i n e d  a t  7 . 2 1  m/hr ( 2 . 9 5  gpm/f t  1 .  The t o p  a n d  b o t t o m  o f  

F i g u r e  17  d i s p l a y  t h e  e f f l u e n t  c o n c e n t r a t i o n  p r o f i l e s  f o r  
DMP and DCP, r e s p e c t i v e l y .  The f i g u r e  shows t h a t  t h e  weak ly  
a d s o r b e d  s p e c i e s  DMP had a n  ear l ie r  and s t e e p e r  b r e a k t h r o u g h  
t h a n  d i d  t h e  s t r o n g l y  a d s o r b e d  s p e c i e s  DCP. The model p r e -  
d i c t i o n ,  r e p r e s e n t e d  as t h e  s o l i d  l i n e s ,  c l o s e l y  f o l l o w e d  
t h e  d a t a  o f  b o t h  s o l u t e s .  Under t h e  c o n d i t i o n s  o f  t h i s  r u n ,  
t h e  o v e r s h o o t  o f  t h e  weak ly  a d s o r b e d  s p e c i e s  w a s  s l i g h t ;  t h e  
d a t a  d i s p l a y e d  a n  o v e r s h o o t  o f  3  p e r c e n t  whe rea s  t h e  model 
p r e d i c t e d  t h a t  t h e  e f f l u e n t  c o n c e n t r a t i o n  o f  DMP e x c e e d e d  
t h e  i n f l u e n t  by  1 p e r c e n t .  
The d a t a  and model p r e d i c t i o n  f o r  a  s e q u e n t i a l  f e e d i n g  
o f  t h e  s o l u t e s  a r e  p r e s e n t e d  i n  F i g u r e  1 8 .  The f l o w  r a t e  was 
2  7.16 m/hr ( 2 . 9 3  gpm/f t  ) , and t h e  bed  w e i g h t  and  bed  l e n g t h  
o f  t h e  80317 c a r b o n  were 5.72 grams and  5 . 0 5  c m .  The s o l u t e  
DMP i n i t i a l l y  was f e d  a l o n e  a t  a  c o n c e n t r a t i o n  o f  0 .990  
mmole/ l ,  and  a t  2839 bed  volumes t h e  s o l u t e  DCP was added  
t o  t h e  i n f l u e n t  a t  a c o n c e n t r a t i o n  o f  1 . 0 2  mmole/l .  The 
d e l a y e d  i n t r o d u c t i o n  o f  DCP c a u s e d  t h e  DMP c o n c e n t r a t i o n  i n  
t h e  e f f l u e n t  t o  e x c e e d  o r  o v e r s h o o t  g r e a t l y  i t s  i n f l u e n t  
c o n c e n t r a t i o n .  When f e d  a l o n e ,  t h e  DMP was a l l o w e d  t o  app roach  
i t s  s u r f a c e  c o v e r a g e  a s  a  s i n g l e  s o l u t e .  The i n t r o d u c t i o n  o f  
a  compe t i ng  s p e c i e s  r e d u c e d  t h e  c a p a c i t y  o f  t h e  c a r b o n  f o r  
DMP. Some o f  t h e  DMP was d i s p l a c e d ,  t h e r e f o r e ,  and  t h e  o v e r -  
s h o o t  r e s u l t e d .  The model was q u i t e  s u c c e s s f u l  i n  p r e d i c t i n g  
t h e  d e s o r p t i o n .  
Effluent Concentration 
A s e c o n d  r u n  w i t h  s e q u e n t i a l  f e e d i n g  was  c o n d u c t e d ,  
a n d  t h e  b r e a k t h r o u g h  c u r v e s  are shown i n  F i g u r e  1 9 .  T h i s  
t i m e  t h e  o r d e r  o f  f e e d i n g  was  r e v e r s e d .  The  s o l u t e  DCP was 
a p p l i e d  a t  a c o n c e n t r a t i o n  o f  1 . 0 0  mmole / l  a n d  a f l o w  r a t e  o f  
2  ' 1 1 . 0  m/hr ( 4 . 5 1  g p m / f t  ) t o  a co lumn o f  t h e  F-400 c a r b o n .  
The b e d  w e i g h t  was  7 . 7 1  g r a m s  and  t h e  b e d  l e n g t h  was 7 . 1 0  c m .  
The  f e e d i n g  o f  t h e  DMP was  d e f e r r e d  u n t i l  2820 b e d  v o l u m e s ,  
when i t  was  i n t r o d u c e d  a t  a c o n c e n t r a t i o n  o f  0 . 9 8 9  mmole / l .  
A l t h o u g h  t h e  DMP w a s  t h e  w e a k l y  a d s o r b e d  s p e c i e s ,  i t  was  a n  
e f f e c t i v e  enough  c o m p e t i t o r  t o  d i s p l a c e  some o f  t h e  DCP o n  
t h e  c a r b o n  s u r f a c e  a n d  p r o d u c e  t h e  o v e r s h o o t  o f  DCP. The  
model  p r e d i c t i o n  a d e q u a t e l y  d e s c r i b e d  t h e  e f f l u e n t  c o n c e n t r a -  
t i o n  p r o f i l e s  f o r  b o t h  s p e c i e s .  
I n  t h e  f i n a l  b i s o l u t e  e x p e r i m e n t  t h e  t w o  s o l u t e s  w e r e  
f e d  s i m u l t a n e o u s l y  t o  a b e d  o f  t h e  WV-W c a r b o n ,  b u t  a f t e r  a  
p e r i o d  o f  t i m e  t h e  i n f l u e n t  c o n c e n t r a t i o n  o f  DCP was  c u t  i n  
h a l f .  The  r e s u l t s  a r e  g i v e n  i n  F i g u r e  20 .  The s o l u t e s  w e r e  
2 
a p p l i e d  a t  a r a t e  o f  8 . 7 3  m/hr ( 3 . 5 7  g p m / f t  ) t o  a b e d  h a v i n g  
a w e i g h t  o f  9 . 3 3  g r a m s  a n d  a l e n g t h  o f  6 . 5 2  c m .  T h e  i n f l u e n t  
c o n c e n t r a t i o n s  w e r e  i n i t i a l l y  1 . 0 0  mole / l  a n d  0 . 9 7 7  rnmole/l 
f o r  DMP a n d  DCP, r e s p e c t i v e l y .  A t  1 6 0 5  b e d  v o l u m e s ,  h o w e v e r ,  
t h e  i n f l u e n t  DCP c o n c e n t r a t i o n  was  r e d u c e d  t o  0 .508  mmole / l .  
The  r e d u c t i o n  i n  i t s  f e e d  c o n c e n t r a t i o n  c a u s e d  t h e  DCP i n  t h e  
e f f l u e n t  t o  d e c l i n e ,  b u t  t h e  e f f l u e n t  c o n c e n t r a t i o n  d i d  n o t  
i m m e d i a t e l y  a t t a i n  t h e  v a l u e  o f  0 . 5 0 8  mmole / l  b e c a u s e  o f  
d e s o r p t  i o n .  I n t e r e s t i n g l y ,  t h e  e f f l u e n t  c o n c e n t r a t i o n  a l s o  
TZT 
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dropped ,  a l t h o u g h  o n l y  t e m p o r a r i l y ,  i n  t h e  c a s e  o f  t h e  DMP. 
T h i s  o c c u r r e d  b e c a u s e  t h e  d e c r e a s e  i n  t h e  i n f l u e n t  DCP con- 
c e n t r a t i o n  meant a n  a d j u s t m e n t  i n  t h e  u l t i m a t e  s u r f a c e  l oad -  
i n g s  o f  b o t h  s p e c i e s .  The c a p a c i t y  of  t h e  c a r b o n  f o r  DCP 
was made s m a l l e r ,  and ,  w i t h  less c o m p e t i t i o n ,  t h e  c a p a c i t y  f o r  
DMP was e n l a r g e d .  T h e r e f o r e ,  t h e  d r o p  i n  t h e  e f f l u e n t  DMP concen- 
t r a t i o n  r e s u l t e d  f rom a n  i n c r e a s e  i n  t h e  c a p a c i t y  o f  t h e  
ca rbon  f o r  t h a t  s o l u t e .  The model c o r r e c t l y  p r e d i c t e d  t h e  
d e c l i n e  o f  b o t h  e f f l u e n t  c o n c e n t r a t i o n s ,  and t h e  f i t  t o  t h e  
d a t a  was s a t i s f a c t o r y .  
7.4 Fixed-Bed Model S i m u l a t i o n s  
7 . 4 . 1  Comparison o f  Adso rben t s  
Having g e n e r a t e d  the n e c e s s a r y  e q u i l i b r i u m  and k i n e t i c  
i n p u t s  t o  t h e  model,  and h a v i n g  v e r i f i e d  t h e  model,  one  c a n  
make f ixed-bed p r e d i c t i o n s  t o  compare t h e  a d s o r b e n t s  unde r  
i d e n t i c a l  c o n d i t i o n s .  The model i s  q u i t e  v e r s a t i l e  and c a n  
be  u t i l i z e d  t o  s i m u l a t e  a d s o r b e r  per formance  under  a  v a r i e t y  
o f  c o n d i t i o n s .  The p u r p o s e  h e r e  i s  t o  d e m o n s t r a t e  t h e  u s e f u l -  
n e s s  o f  t h e  model f o r  comparing a d s o r b e n t s ,  and  one  set of  
c o n d i t i o n s  h a s  been chosen  t o  d o  t h i s .  I t  must  be no ted  t h a t  
t h e  s e l e c t i o n  of  t h e  b e s t  a d s o r b e n t  f o r  a  s p e c i f i c  a p p l i c a -  
t i o n  must be  p r e d i c a t e d  on economics .  Al though  a  c o n s i d e r a -  
t i o n  of  economics  i s  beyond t h e  s cope  of  t h i s  work, t h e  model 
c o u l d  be  i n c o r p o r a t e d  i n t o  a  c o s t  a n a l y s i s  o f  t r e a t m e n t  by 
a d s o r p t i o n .  
S i m u l a t i o n s  of t h e  f i xed -bed  a d s o r p t i o n  o f  DMP and 
R 6 G  a s  s i n g l e  s o l u t e s  and o f  t h e  b i s o l u t e  m i x t u r e  o f  DMP and 
DCP w e r e  c a r r i e d  o u t  f o r  t h e  f i v e  a d s o r b e n t s .  Each bed con- 
t a i n e d  10  grams o f  a d s o r b e n t .  Because of  d i f f e r e n c e s  i n  
d e n s i t y  among t h e  a d s o r b e n t s ,  f l o w  r a t e s  w e r e  a d j u s t e d  t o  
m a i n t a i n  t h e  same empty bed c o n t a c t  t i m e  o f  35 seconds .  I n  
o r d e r  t o  have  an e q u a l  b a s i s  o f  comparison,  t h e  p a r t i c l e  s i z e  
was assumed t o  b e  30x40 mesh i n  a l l  c a s e s .  The s u r f a c e  d i f -  
f u s i v i t i e s  w e r e  t h o s e  o b t a i n e d  from t h e  b a t c h  k i n e t i c  t e s t s ,  
and  t h e  column f i l m  t r a n s f e r  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  
w i t h  t h e  p r e v i o u s l y  d i s c u s s e d  c o r r e l a t i o n  o f  Wil l iamson e t  a l .  
The r e s u l t s  f o r  t h e  a d s o r p t i o n  o f  DMP a r e  p r e s e n t e d  
i n  F i g u r e  21 f o r  a n  i n f l u e n t  c o n c e n t r a t i o n  o f  1 mmole/l. 
The F-400 ca rbon  performed t h e  b e s t ,  f o l lowed  by  t h e  LW-W, 
80317 and HD-3000 c a r b o n s  and l a s t l y  t h e  c h a r .  The WV-W and 
80317 c a r b o n s  d i s p l a y e d  s i m i l a r  b reak th rough  c u r v e s ,  which 
would b e  e x p e c t e d  on t h e  b a s i s  o f  t h e i r  s i m i l a r i t y  i n  r e g a r d s  
t o  c a p a c i t y  and s u r f a c e  d i f f u s i v i t y .  
Assuming a  t r e a t m e n t  o b j e c t i v e  o f  20 p e r c e n t  b reak-  
t h rough  ( C / C o = 0 . 2 ) , t h e  l i t e r s o f  DMP s o l u t i o n  t r e a t e d p e r g r a m  
o f  a d s o r b e n t  a r e :  0.12 f o r t h e  c h a r ,  0 .53  f o r t h e  HD-3000 c a r b o n ,  
1 . 4 3  f o r  t h e  80317 c a r b o n ,  1 . 4 7  f o r  t h e  LW-W c a r b o n  and 2.35 
f o r  t h e  F-400 ca rbon .  The o r d e r  of  b r e a k t h r o u g h  c o r r e s p o n d s  
t o  t h e  o r d e r  o f  c a p a c i t y  f o r  t h e  a d s o r b e n t s ;  t h e  sequence o f  
c a p a c i t y  f rom t h e  DMP i s o t h e r m s  is :  c h a r  < HD-3000 < 80317 
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=WV-W < F-400. T h i s  f i n d i n g  i s  r e a s o n a b l e  s i n c e  t h e  d i f f e r -  
e n c e s  i n  s u r f a c e  d i f f u s i v i t y  v a l u e s  a r e ,  f o r  t h e  most  p a r t ,  
n o t  v e r y  l a r g e .  F u r t h e r m o r e ,  t h e  h i g h e s t  Ds v a l u e  i s  p o s s e s s e d  
by t h e  F-400 c a r b o n ,  which  a l s o  h a s  t h e  h i g h e s t  c a p a c i t y .  
N e v e r t h e l e s s ,  a d s o r p t i o n  k i n e t i c s  c a n  a f f e c t  t h e  
s h a p e  o f  t h e  b r e a k t h r o u g h  c u r v e ,  and  c a p a c i t y  a l o n e  may n o t  
b e  a n  e x a c t  i n d i c a t o r  o f  r e l a t i v e  p e r f o r m a n c e .  F o r  example ,  
t h e  F-400 c a r b o n  h a s  a b o u t  2 . 3  t i m e s  t h e  c a p a c i t y  o f  t h e  
HD-3000 c a r b o n ,  y e t  f o r  20 p e r c e n t  b r e a k t h r o u g h  it c a n  t r e a t  
a l m o s t  4 . 5  t i m e s  as much s o l u t i o n .  I t  m u s t  b e  s t r e s s e d  t h a t  
t h e  r e l a t i ve  i m p o r t a n c e  o f  c a p a c i t y  and  k i n e t i c s  on a d s o r b e n t  
p e r f o r m a n c e  may v a r y  d e p e n d i n g  on t h e  c o n d i t i o n s  o f  o p e r a t i o n .  
F i g u r e  22 compares  t h e  a d s o r b e n t s  i n  t h e  r e m o v a l  o f  
R6G a t  a n  i n f l u e n t  c o n c e n t r a t i o n  o f  0 . 1  mrnole/l. The  R6G 
emerged f rom t h e  c h a r  column f i r s t ,  t h e n  f rom t h e  WV-W, HD- 
3000,  80317 a n d  F-400 columns.  F o r  20 p e r c e n t  b r e a k t h r o u g h ,  
t h e  l i t e rs  o f  s o l u t i o n  t r e a t e d  p e r  gram o f  a d s o r b e n t  were: 
0 .035  f o r  t h e  c h a r ,  0 .153  f o r  t h e  WV-W c a r b o n ,  0 . 1 6 3  f o r  t h e  
HD-3000 c a r b o n ,  0.202 f o r  t h e  80317 c a r b o n ,  a n d  0 .690  f o r  t h e  
F-400 c a r b o n .  The p a t t e r n  o f  b r e a k t h r o u g h  matched  t h e  r e l a t i v e  
c a p a c i t y  o f  t h e  a d s o r b e n t s  f o r  R6G, w i t h  t h e  e x c e p t i o n  o f  t h e  
WV-W a n d  HD-3000 c a r b o n s .  Based on  t h e  i n f l u e n t  c o n c e n t r a t i o n ,  
t h e  WV-W had  1 3  p e r c e n t  more c a p a c i t y  t h a n  t h e  HD-3000, b u t  
it showed s l i q h t l y  e a r l i e r  b r e a k t h r o u q h .   his c a n  b e  e x p l a i n e d  
by  t h e  f a c t  t h a t  t h e  s u r f a c e  d i f f u s i v i t y  f o r  t h e  WV-W ( 1 . 0 7  
2  
x  10-lo c m  /set) was a p p r o x i m a t e l y  h a l f  o f  t h a t  f o r  t h e  o t h e r  
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c a r b o n  ( 2 . 0 1  x  1 0  c m  / sec) .  When t h e  model was r u n  assum- 
7 
i n g  t h a t  t h e  HD-3000 had a  Ds v a l u e  o f  1 . 0 7  x  1 0  -lo cm2/sec ,  
t h e  HD-3000 had t h e  ea r l i e r  b r e a k t h r o u g h .  T h i s  i s  shown i n  
F i g u r e  22 by t h e  u n l a b e l e d  c u r v e .  
Model s i m u l a t i o n s  a r e  g i v e n  i n  F i g u r e  23 f o r  t h e  b i -  
s o l u t e  a d s o r p t i o n  o f  DMP and DCP. The i n f l u e n t  c o n c e n t r a t i o n  
of  e a c h  s p e c i e s  w a s  t a k e n  t o  b e  1 mmole/l.  The o r d e r  o f  
i n i t i a l  b r e a k t h r o u g h  was t h e  same f o r  b o t h  s p e c i e s ;  t h e  c h a r  
e x h i b i t e d  t h e  e a r l i e s t  b r e a k t h r o u g h ,  f o l l o w e d  b y  t h e  c a r b o n s :  
HD-3000, 80317,  WV-W and F-400. Thus t h e  r a n k i n g  o f  p e r f o r -  
mance c o i n c i d e d  w i t h  t h a t  o b t a i n e d  f o r  DMP as  a s i n g l e  s o l u t e .  
F o r  20 p e r c e n t  b r e a k t h r o u g h  o f  DMP, t h e  l i t e r s  of  
s o l u t i o n  t r e a t e d  p e r  gram o f  a d s o r b e n t  were 0 .07 ,  0 .23 ,  0 .68 ,  
0 .73  and  1 . 2 9  f o r  t h e  c h a r ,  HD-3000, 80317,  WV-W and F-400, 
r e s p e c t i v e l y .  By c o n t r a s t i n g  t h e s e  f i g u r e s  w i t h  t h o s e  o b t a i n e d  
f o r  t h e  s i n g l e - s o l u t e  c a s e ,  t h e  e f f e c t  o f  c o m p e t i t i o n  o n  t h e  
a d s o r p t i o n  o f  DL4P c a n  b e  e v a l u a t e d .  F o r  e a c h  a d s o r b e n t ,  t h e  
p r e s e n c e  o f  DCP r educed  t h e  volume o f  s o l u t i o n  t r e a t e d  by  
a b o u t  h a l f .  
A s  m igh t  b e  e x p e c t e d ,  t h e  p r e d i c t i o n s  i n  F i g u r e  23 
show t h a t  f o r  e ach  a d s o r b e n t  t h e  weakly a d s o r b e d  s p e c i e s  DMP 
had t h e  e a r l i e r  and  q u i c k e r  r ise  i n  i t s  e f f l u e n t  c o n c e n t r a -  
t i o n .  The DMP exceeded  i t s  i n f l u e n t  c o n c e n t r a t i o n  f o r  a l l  5 
c a s e s .  The o v e r s h o o t  was g r e a t e s t  f o r  t h e  F-400 c a r b o n  and 
s m a l l e s t  f o r  t h e  c h a r .  
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7 .4 .2  S e n s i t i v i t y  A n a l y s i s :  E q u i l i b r i u m  and K i n e t i c s  
on A d s o r p t i o n  
Prompted i n  p a r t  by t h e  r e s u 1 . t ~  o f  t h e  p r e v i o u s  sec- 
t i o n ,  model s e n s i t i v i t y  a n a l y s e s  were conduc ted  t o  a s s e s s  t h e  
i n f l u e n c e  o f  e q u i l i b r i u m  c a p a c i t y  and k i n e t i c s  (mass t r a n s f e r )  
on t h e  b r e a k t h r o u g h  c u r v e .  C a p a c i t y  was v a r i e d  i n  t h e  
a n a l y s e s  by u s i n g  i s o t h e r m s  p a r a l l e l  t o  t h e  r e f e r e n c e  i s o -  
therm.  The v a r i a t i o n  i n  k i n e t i c s  was acccmpl i shed  by chang ing  
s i m u l t a n e o u s l y  t h e  v a l u e s  of  t h e  f i l m  t r a n s f e r  c o e f f i c i e n t  and 
s u r f a c e  d i f f u s i v i t y .  
Model s e n s i t i v i t y  t o  c a p a c i t y  and k i n e t i c s  i s  shown i n  
F i g u r e  24 f o r  t h e  s o l u t e  DMP. The c e n t e r  l i n e ,  t h e  r e f e r e n c e  
c o n d i t i o n ,  i s  t h e  p r e d i c t i o n  p r e s e n t e d  e a r l i e r  i n  F i g u r e  1 0 .  
A 25 p e r c e n t  v a r i a t i o n  i n  c a p a c i t y  h a s  a  g r e a t e r  e f f e c t  on 
t h e  b r e a k t h r o u g h  c u r v e  t h a n  d o e s  an  e q u a l  v a r i a t i o n  i n  t h e  
two k i n e t i c  p a r a m e t e r s .  S i m i l a r  r e s u l t s  were o b s e r v e d  f o r  
DCP . 
The e f f e c t  o f  c a p a c i t y  and k i n e t i c s  on t h e  a d s o r p t i o n  
o f  R 6 G  i s  p r e s e n t e d  i n  ~ i g u r e  25. The c e n t e r  c u r v e  o f  r e f e r -  
ence  i s  t h e  p r e d i c t i o n  p r e v i o u s l y  g i v e n  i n  F i g u r e  11. Again ,  
a l t h o u g h  k i n e t i c s  c e r t a i n l y  h a s  an  i n f l u e n c e  on t h e  c u r v e  
shape ,  t h e  model i s  more s e n s i t i v e  t o  a  change  i n  c a p a c i t y .  
F o r  t h e  s o l u t e s  o f  t h i s  s t u d y ,  t h e n ,  e q u i l i b r i u m  was 
found t o  have  a  g r e a t e r  impac t  t h a n  k i n e t i c s  on a d s o r p t i o n .  
I n  c o n t r a s t ,  L e e  (1980)  r e p o r t e d  a  s e n s i t i v i t y  a n a l y s i s  f o r  
p e a t  f u l v i c  a c i d ,  a  s l o w  d i f f u s o r ,  and i n  t h i s  c a s e  s u r f a c e  
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d i f f u s i v i t y  had a s  much i n f l u e n c e  a s  c a p a c i t y .  
S u b s t a n t i a l l y  d i f f e r e n t  s e n s i t i v i t i e s  may r e s u l t  
depending on t h e  t y p e  of  s o l u t e  and t h e  c o n d i t i o n s  o f . o p e r a -  
t i o n .  I t  i s  a n t i c i p a t e d  t h a t  u s e  of  a  s h o r t  column, l a r g e  
p a r t i c l e  s i z e  or  h igh  f low r a t e  w i l l  enhance t h e  model 's  
s e n s i t i v i t y  t o  t h e  k i n e t i c  parameters .  A s h o r t  column, f o r  
i n s t a n c e ,  can be ve ry  s e n s i t i v e  t o  t h e  f i l m  t r a n s f e r  c o e f f i -  
c i e n t  (Liu and Weber, 1 9 8 0 )  . Future  work could  be d i r e c t e d  
toward e s t a b l i s h i n g  under what c o n d i t i o n s  k i n e t i c s  can be 
more i n f l u e n t i a l  t h a n  c a p a c i t y  and v i c e  v e r s a .  
7 . 4 . 3  ~ e s o r p t i o n  from Adsorbent Beds 
There i s  p r e s e n t  concern t h a t  an adsorben t  bed can 
r e l e a s e  p r e v i o u s l y  absorbed o r g a n i c s  and t h a t  t h e  e f f l u e n t  
c o n c e n t r a t i o n s  of t h e  desorbed s p e c i e s  may then  exceed or 
"overshoot"  t h e  r e s p e c t i v e  i n f l u e n t  c o n c e n t r a t i o n s .  I t  has 
been demonstrated i n  t h i s  r e s e a r c h  t h a t  a  s p e c i e s  may have an 
e f f l u e n t  c o n c e n t r a t i o n  g r e a t e r  t h a n  i t s  i n f l u e n t  c o n c e n t r a t i o n  
when i t s  i n f l u e n t  c o n c e n t r a t i o n  i s  reduced.  I t  a l s o  has been 
shown t h a t  chromatographic d isp lacement  by a competing s p e c i e s  
can  produce an overshoot .  The fixed-bed model, which has  
been v e r i f i e d  f o r  d e s o r p t i o n ,  w i l l  be employed now t o  t a k e  a  
c l o s e r  look a t  t h e  phenomenon of d e s o r p t i o n .  
For t h e  remaining model s i m u l a t i o n s  it was dec ided  t o  
work w i t h  s p e c i e s  of c u r r e n t  concern and re levancy  t o  t h e  
w a t e r  t r e a t m e n t  i n d u s t r y .  Such s p e c i e s  a r e  t h e  t r i h a l o -  
methanes (THM's), of which ch lo ro fo rm,  CHC13,  and bromodi- 
ch loromethane ,  C H C 1 2 B r ,  a r e  t h e  most p r e v a l e n t .  A r ev i ew of  
t h e  problem o f  THM's i n  d r i n k i n g  w a t e r  r e c e n t l y  h a s  become 
a v a i l a b l e  ( N a t i o n a l  Research  C o u n c i l ,  1980)  . 
Weber e t  a l .  (1977)  have  p u b l i s h e d  i s o t h e r m  c o n s t a n t s  
-- 
and b a t c h  k i n e t i c  d a t a  f o r  t h e  a d s o r p t i o n  o f  c h l o r o f o r m  
and bromodichloromethane w i t h  t h e  F-400 carbon .  The Freund-  
l i c h  i s o t h e r m  c o n s t a n t s  a r e  g i v e n  i n  T a b l e  1 4 .  The b a t c h  
k i n e t i c  model was f i t t e d  t o  t h e i r  r a t e  d a t a ,  and t h e  s u r f a c e  
d i f f u s i v i t i e s  t h a t  were o b t a i n e d  a r e  g i v e n  a l s o  i n  Tab le  1 4 .  
I t  c a n b e d e t e r m i n e d  from an  i n s p e c t i o n  o f  t h e  i s o t h e r m  con- 
s t a n t s  t h a t  t h e  bromodichloromethane i s  t h e  s t r o n g l y  adsorbed  
s p e c i e s .  Chloroform h a s  t h e  h i g h e r  d i f f u s i v i t y .  I n  t h e  
s i m u l a t i o n s  t h a t  f o l l o w ,  IAS t h e o r y  was assumed t o  a p p l y  when 
t h e  s o l u t e s  were t o g e t h e r  a s  a  m i x t u r e .  A s  b e f o r e ,  f i l m  
t r a n s f e r  c o e f f i c i e n t s  were c a l c u l a t e d  w i t h  t h e  c o r r e l a t i o n  
o f  Wil l iamson e t  a l .  ( 1 9 6 3 ) .  
a .  F a c t o r s  A f f e c t i n g  Deso rp t ion  from a  Reduct ion i n  
I n f l u e n t  C o n c e n t r a t i o n  
Model s ~ i m u l a t i o n s  were performed t o  e v a l u a t e  t h e  i n -  
f l u e n c e  t h a t  k i n e t i c s  (mass t r a n s f e r ) ,  e q u i l i b r i u m  c a p a c i t y  
and p r o c e s s  v a r i a b l e s  had on t h e  d e s o r p t i o n  t h a t  o c c u r r e d  
when the  i n f l u e n t  c o n c e n t r a t i o n  was r educed ,  Chloroform was 
t h e  s i n g l e  s o l u t e  s t u d i e d -  The ca rbon  bed was assumed i n  
OT- OT X E'E 6- OT X Z'E: 
SPL'O , . SZL'O 
aueyqaurozo~yarpouoxa pue 
mzogozoTya xog squeqsuoa 
arqaurx pue mnrxqr~~nbz *p~ aTqe& 
SET 
a l l  c a s e s  t o  b e  i n  e q u i l i b r i u m  w i t h  a n  i n f l u e n t  c o n c e n t r a t i o n  
o f  1 x m o l e / l  and t h e r e f o r e  have ,  u n l e s s  s t a t e d  o t h e r -  
w i s e ,  a u n i f o r m  s u r f a c e  c o v e r a g e  ( c a p a c i t y )  o f  1 . 1 3 5  x 
mole/g .  The CHC13 was removed f rom t h e  i n f l u e n t  a t  z e r o  bed  
volumes.  U n l e s s  o t h e r w i s e  n o t e d ,  t h e  bed l e n g t h ,  f l o w  r a t e  
2 
and  c a r b o n  p a r t i c l e  r a d i u s  we re  30 c m ,  9 .78 m/hr ( 4  gpm/f t  ) 
and 0.0508 c m ,  r e s p e c t i v e l y .  
F i g u r e  26 d i s p l a y s  d e s o r p t i o n  c u r v e s  f o r  d i f f e r e n t  
v a l u e s  o f  s u r f a c e  d i f f u s i v i t y .  S i n c e  t h e  s u r f a c e  d i f f u s i v i t y  
i s  a  r a t e  p a r a m e t e r ,  a  d e c r e a s e  i n  i ts  v a l u e  l e a d s  t o  s l o w e r  
d e s o r p t i o n .  T h e r e f o r e ,  a s  Ds d e c r e a s e s ,  d e s o r p t i o n  
e f f i c i e n c y  i s  i m p a i r e d s u c h t h a t  l ower  e f f l u e n t  c o n c e n t r a t i o n s  
a r e  found  i n i t i a l l y  and  t a i l i n g  o c c u r s  a t  l a t e r  t i m e s .  A 
s imi l a r  t r e n d  was o b s e r v e d  f o r  t h e  f i l m  t r a n s f e r  c o e f f i c i e n t .  
The e f f e c t  of  e q u i l i b r i u m  c a p a c i t y  on d e s o r p t i o n  i s  
shown i n  F i g u r e  2 7 .  C a p a c i t y  was v a r i e d  by  c h a n g i n g  t h e  i s o -  
t he rm  c o n s t a n t  K ,  a  p r o c e s s  t h a t  p roduced  p a r a l l e l  i s o t h e r m s .  
With o t h e r  f a c t o r s  unchanged ,  a l ower  c a p a c i t y  means l o w e r  
e f f l u e n t  c o n c e n t r a t i o n s .  
I s o t h e ~ m  s l o p e  a l s o  i n f l u e n c e s  d e s o r p t i o n ,  and  t h i s  
i s  shown i n  F i g u r e  28. The s t a r t i n g  c a p a c i t y  was t h e  same 
f o r  a l l  t h r e e  i s o t h e r m s .  A s  t h e  i s o t h e r m  becomes f l a t t e r ,  
t h e  c o n c e n t r a t i o n s  i n i t i a l l y  i n  t h e  e f f l u e n t  a r e  l o w e r .  T h a t  
i s ,  t h e  o v e r a l l  r a t e  o f  d e s o r p t i o n  is s l o w e r ,  A h o r i z o n t a l  ' 
o r  i r r e v e r s i b l e  i s o t h e r m  is a n  e x t r e m e  c a s e  f o r  which  no 
d e s o r p t i o n  would o c c u r .  
Eff luent Concentration, C/Co 
Eff luent Concentrat ion, C/Co 
Bed Volumes 
Figure 28. Effect of Isotherm Slope on Desorption 
P r o c e s s  v a r i a b l e s  s u c h  a s  bed l e n g t h ,  f l o w  r a t e  and 
p a r t i c l e  s i z e  c a n  a f f e c t  t h e  d e s o r p t i o n  c u r v e .  The e f f e c t  
o f  bed l e n g t h  i s  p r e s e n t e d  i n  F i g u r e  29. A s  t h e  bed i s  
s h o r t e n e d ,  d e s o r p t i o n  e f f i c i e n c y  d e c r e a s e s .  Fo r  t h e  120 c m  
bed ,  d e s o r p t i o n  i s  s o  g r e a t  t h a t  t h e r e  i s  a  l a g  o f  a b o u t  1200  
bed volumes ( 6  d a y s )  b e f o r e  t h e  e f f l u e n t  c o n c e n t r a t i o n  b e g i n s  
t o  d e c l i n e  a p p r e c i a b l y .  The d i f f e r e n c e s  i n  t h e  c u r v e s  would 
b e  more pronounced i f  t h e  e f f l u e n t  c o n c e n t r a t i o n s  w e r e  p l o t t e d  
a g a i n s t  t i m e .  The c u r v e  f o r  t h e  5 c m  bed i s  r e m i n i s c e n t  of 
t h o s e  o b t a i n e d  e x p e r i m e n t a l l y  f o r  t h e  p h e n o l s .  
High f l ow  r a t e s ,  i . e . ,  s h o r t  empty bed c o n t a c t  t i m e s ,  
w e r e  o b s e r v e d  t o  i m p a i r  d e s o r p t i o n .  T h a t  i s ,  t h e  i n i t i a l  
e f f l u e n t  c o n c e n t r a t i o n s  were lowered  a s  t h e  f l o w  r a t e  was i n -  
c r e a s e d .  The same t r e n d  was found  by i n c r e a s i n g  t h e  a d s o r b e n t  
p a r t i c l e  s i z e .  
I n  summary, model s i m u l a t i o n s  d e m o n s t r a t e d  t h a t  de-  
s o r p t i o n  was more e f f i c i e n t  ( e a r l y  e f f l u e n t  c o n c e n t r a t i o n s  
w e r e  h i g h e r )  w i t h  i n c r e a s i n g  mass t r a n s f e r  c o e f f i c i e n t s ,  
c a p a c i t y ,  i s o t h e r m  s l o p e  and bed l e n g t h  and d e c r e a s i n g  f l o w  
r a t e  and  p a r t i c l e  s i z e .  I t  would t h u s  a p p e a r  t h a t  a  m o d i f i -  
c a t i o n ,  s u c h  a s  a  d e c r e a s e  i n  p a r t i c l e  s i z e ,  t o  a n  a d s o r p t i o n  
sys t em t h a t  improves  a d s o r p t i o n  e f f i c i e n c y  can  a l s o  improve 
t h e  e f f i c i e n c y  o f  d e s o r p t i o n .  
Effluent Concentration, C/Co 
b. F a c t o r s  A f f e c t i n g  Desorp t ion  Due t o  Compe t i t i on  
I t  h a s  been w e l l  e s t a b l i s h e d  ( F r i t z  e t  a l .  1980; 
B a l z l i  e t  a l . ,  1978; Famularo e t  a l . ,  1980)  t h a t  when two 
s o l u t e s  a r e  f e d  s i m u l t a n e o u s l y  t o  an  a d s o r b e n t  column, t h e  
weakly adso rbed  s p e c i e s  may e x h i b i t  an o v e r s h o o t .  T h i s  
o c c u r r e n c e  o f  an  e f f l u e n t  c o n c e n t r a t i o n  t e m p o r a r i l y  h i g h e r  
t h a n  t h e  i n f l u e n t  i s  due  t o  c o m p e t i t i o n  from t h e  s t r o n g l y  
adso rbed  s p e c i e s .  The r o l e  t h a t  k i n e t i c s  (mass t r a n s f e r  
r e s i s t a n c e )  and p r o c e s s  v a r i a b l e s  p l a y  i n  gove rn ing  t h e  
e x t e n t  o f  o v e r s h o o t  is i n v e s t i g a t e d  h e r e  w i t h  t h e  b i s o l u t e  
model.  The r e f e r e n c e  v a l u e s  o f  pa rame te r s  i m p o r t a n t  t o  t h e  
model s i m u l a t i o n s  a r e  g i v e n  i n  T a b l e  1 5 .  These v a l u e s  were 
used i n  t h e  s i m u l a t i o n s  u n l e s s  o t h e r w i s e  n o t e d  i n  t h e  t a b l e s  
t h a t  f o l l o w .  Note t h a t  s p e c i e s  1 h a s  t h e  i s o t h e r m  f o r  c h l o r o -  
form whereas  s p e c i e s  2 h a s  t h e  i s o t h e r m  f o r  bromodichloro-  
methane. Fo r  t h e  r e f e r e n c e  c o n d i t i o n ,  t h e  peak h e i g h t  o f  
t h e  o v e r s h o o t  of s p e c i e s  1 ( t h e  weakly adsorbed  s p e c i e s )  was 
found t o  be  1.1 x rnole/l ,  o r  10  p e r c e n t  above t h e  i n f l u -  
e n t  c o n c e n t r a t i o n .  
Table  16  summarizes t h e  i n f l u e n c e  t h a t  t h e  s u r f a c e  
d i f f u s i v i t i e s  had on t h e  peak h e i g h t  of  t h e  o v e r s h o o t .  A s  
e i t h e r  o r  b o t h  o f  t h e  d i f f u s i v i t i e s  were i n c r e a s e d ,  t h e  peak 
h e i g h t  a l s o  i n c r e a s e d .  Changing t h e  f i l m  t r a n s f e r  c o e f f i c i e n t s  
c r e a t e d  a  s i m i l a r  t r e n d ,  a s  shown i n  T a b l e  1 7 .  The peak h e i g h t  
grew a s  e i t h e r  o r  b o t h  o f  t h e  t r a n s f e r  c o e f f i c i e n t s  were 
T a b l e  1 5 .  R e f e r e n c e  V a l u e s  f o r  t h e  S t u d y  
o f  C h r o m a t o g r a p h i c  O v e r s h o o t  
P a r a m e t e r  V a l u e  
3 . 6 7  x cm/sec 
3 . 6 7  x l o e 3  cm/sec 
0 . 2 5 4  l n l / g  (mole) "1-I 
1 . 1 5  l n 2 / g  (mole 112-1 
30  crn 
0 . 0 5 0 8  crn 
T a b l e  1 6 .  E f f e c t  o f  S u r f a c e  Dif  f u s i v i t y  on  
Peak He igh t  o f  Ove r shoo t  o f  S p e c i e s  1 
V a r i a t i o n  o f  Dsl 
- 
Peak H e i g h t  
( %  above  i n f l u e n t )  
--
0  
10  
1 4. 
14 
V a r i a t i o n  o f  Ds2 
-- 
Peak He igh t  
( %  above  i n f l u e n t )  
4 
1 0  
1 2  
1 2  
V a r i a t i o n  of Dsl and Ds2 
Ds12and Ds2  - - Peak H e i g h t  
( c m  /set) ( %  above i n f l u e n t )  
--- 
3 .2  x 1 0  -10 0  
3 .2  x l o - '  1 0  
3 .2  x 1 0 ' ~  1 5  
3 .2  1 5  
SBT 
i n c r e a s e d .  R a i s i n g  t h e  v a l u e s  o f  a l l  f o u r  mass t r a n s f e r  
p a r a m e t e r s  a t  once  a l s o  e n l a r g e d  t h e  o v e r s h o o t .  
Mass t r a n s f e r  r e s i s t a n c e ,  t h e n ,  t e n d s  t o  dampen t h e  
o v e r s h o o t .  I f  t h e r e  i s  g r e a t  r e s i s t a n c e ,  t h e  o v e r s h o o t  c a n  
be  c o m p l e t e l y  s u p p r e s s e d .  A s  mass t r a n s f e r  r e s i s t a n c e  i s  
d i m i n i s h e d ,  i . e . ,  a s  t h e  s u r f a c e  d i f f u s i v i t i e s  and/or  f i l m  
t r a n s f e r  c o e f f i c i e n t s  a r e  i n c r e a s e d  i n  v a l u e ,  t h e  l i k e l i h o o d  
and e x t e n t  o f  an o v e r s h o o t  i s  i n c r e a s e d .  I f  t h e  i n f l u e n c e  
o f  mass t r a n s f e r  i s  minimized o r  e l i m i n a t e d ,  t h e  c o m p e t i t i v e  
e q u i l i b r i u m  r e l a t i o n s h i p  a l o n e  would d i c t a t e  t h e  h e i g h t  
o f  t h e  o v e r s h o o t .  E q u i l i b r i u m  t h e o r y  model ing ( H e l f f e r i c h  
and K l e i n ,  1970)  would t h e n  b e  a p p l i c a b l e .  
P r o c e s s  v a r i a b l e s  can  a l s o  promote o r  i m p a i r  t h e  ove r -  
s h o o t .  The outcome from v a r y i n g  t h e  bed l e n g t h ,  f l ow r a t e  
and p a r t i c l e  s i z e  is g iven  i n  T a b l e  1 8 .  The o v e r s h o o t  i s  
enhanced by i n c r e a s i n g  t h e  bed l e n g t h  and by d e c r e a s i n g  t h e  
f l o w  r a t e  and p a r t i c l e  s i z e .  The e f f e c t  o f  bed l e n g t h  on 
t h e  e x t e n t  o f  o v e r s h o o t  h a s  been shown p r e v i o u s l y  ( B a l z l i  
e t  a l . ,  1978; F r i t z  e t  a l . ,  1 9 8 0 ) .  
One n i g h t  v iew t h e  r e s u l t s  i n  T a b l e  18 from t h e  'per-  
s p e c t i v e  t h a t  t h e  p r o c e s s  v a r i a b l e s  i n f l u e n c e  t h e  s i g n i f i c a n c e  
of  mass t r a n s f e r .  S h r i n k i n g  t h e  p a r t i c l e  s i z e  s h o r t e n s  t h e  
d i s t a n c e  f o r  s u r f a c e  d i f f u s i o n  and c o n s e q u e n t l y  r e d u c e s  t h e  
r e s i s t a n c e  t o  mass t r a n f e r .  With an  i n c r e a s e  i n  bed l e n g t h  
t h e  a d s o r p t i o n  zone o r  wave f r o n t  becomes a  s m a l l e r  f r a c t i o n  
of t h e  bed l e n g t h ,  and t h u s  t h e  e f f e c t  of  mass t r a n s f e r  i s  

r educed .  A l ower  f l o w  r a t e  l e n g t h e n s  t h e  empty bed c o n t a c t  
time and t h e r e b y  l e s s e n s  t h e  impac t  o f  mass t r a n s f e r .  Con- 
s e q u e n t l y ,  a change  i n  a n  a d s o r p t i o n  sy s t em made t o  improve 
t h e  e f f i c i e n c y  o f  a d s o r p t l o n  by min imiz ing  mass t r a n s f e r  
r e s i s t a n c e  w i l l  a l s o  promote  o v e r s h o o t s .  
c.  Comparison of D e s o r p t i o n  Due t o  a Reduc t ion  i n  
I n f l u e n t  C o n c e n t r a t i o n  and D e s o r p t i o n  Due t o  
Di sp l acemen t  by Compe t i t i on  
S i n c e  d e s o r p t i o n  may r e s u l t  e i t h e r  f rom a  d e c l i n e  i n  
i n f l u e n t  c o n c e n t r a t i o n  o r  from d i s p l a c e m e n t  by c o m p e t i t i o n ,  
it w a s  deemed w o r t h w h i l e  t o  compare t h e  s i g n i f i c a n c e  o f  t h e  
two mechanisms i n  terms of p r o d u c i n g  a n  e f f l u e n t  h i g h e r  i n  
c o n c e n t r a t i o n  t h a n  t h e  i n f l u e n t .  The b i s o l u t e  m i x t u r e  of 
c h l o r o f o r m  and bromodich loromethane  was chosen  f o r  t h i s  t a s k .  
T rea tmen t  c o n d i t i o n s  app roached  t h o s e  o f  a c t u a l  p r a c t i c e :  a 
bed l e n g t h  o f  60 cm, a n  empty bed  c o n t a c t  t i m e  o f  7 . 5  m i n u t e s  
and a  mean c a r b o n  p a r t i c l e  r a d i u s  o f  0.0508 c m .  
B reak th rough  c u r v e s  f o r  t h e  s i m u l t a n e o u s  f e e d i n g  o f  
c h l o r o f o r m  ( s p e c i e s  1) and bromodich loromethane  ( s p e c i e s  2 )  
are g i v e n  i n  F i g u r e  30.  The i n f l u e n t  c o n c e n t r a t i o n  o f  e a c h  
s o l u t e  was 1 x  mo le / l .  The o v e r s h o o t  of CHC13 l a s t e d  
f o r  a  c o n s i d e r a b l e  p e r i o d .  F o r  72 .1  d a y s ,  t h e  c o n c e n t r a t i o n  
o f  CHC13 i n  t h e  e f f l u e n t  was more t h a n  one  p e r c e n t  (1 x  lo- '  
m o l e / l )  above  t h e  i n f l u e n t  c o n c e n t r a t i o n .  T h a t  i s ,  f o r  72.1  
d a y s  t h e  e f f l u e n t  c o n c e n t r a t i o n  w a s  g r e a t e r  t h a n  1 . 0 1  x 
Ef f luent  C 
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I n  F i g u r e  31  a r e  d e s o r p t i o n  c u r v e s  f o r  t h e  bed  i n i -  
tially s a t u r a t e d  w i t h  CHC13 and  C H C 1 2 B r ,  e a c h  a t  i n f l u e n t  con-  
c e n t r a t i o n s  o f  1 x m o l e / l .  A t  t i m e  z e r o  t h e  i n f l u e n t  
CHC13 was r e d u c e d  w h i l e  t h e  i n f l u e n t  C H C l  B r  r ema ined  unchanged .  2  
-7 Th ree  new i n f l u e n t  c o n c e n t r a t i o n s o f  C H C ~ ~  w e r e  c h o s e n :  8  x 10  I 
5  x and 2 x mole/l. The times d u r i n g  which t h e  e f -  
f l u e n t  was more t h a n  1 x mole/l g r e a t e r  t h a n  t h e  new 
i n f l u e n t  c o n c e n t r a t i o n  are  d e s i g n a t e d  on  t h e  f i g u r e .  F o r  a 
20 p e r c e n t  r e d u c t i o n  i n  i n £  l u e n t  C H C 1 3 ,  . t h e  e f f l u e n t  was 
g r e a t e r  t h a n  8 . 1  x mole/l f o r  23 .3  d a y s .  F o r  a  50 p e r -  
c e n t  r e d u c t i o n ,  t h e  t i m e  above  5 . 1  x mole/l w a s  26.7 
d a y s .  F o r  a n  80 p e r c e n t  r e d u c t i o n ,  t h e  t i m e  above  2 . 1  x 
m o l e / l  w a s  2 8 . 3  d a y s .  These  t i m e s  a r e  s i g n i f i c a n t  and  compar- 
a b l e  t o  t h e  7 2 . 1  d a y s  o b t a i n e d  f o r  c h r o m a t o g r a p h i c  d i s p l a c e -  
ment .  Because  o f  t h e  l o n g  bed and  l a r g e  c o n t a c t  t i m e ,  t h e  
e f f l u e n t  w a s ' s l o w  t o  r e s p o n d  t o  t h e  change  i n  t h e  i n f l u e n t  
c o n c e n t r a t i o n .  T h e r e  w a s  a l a g  t i m e  o f  5 d a y s  b e f o r e  which 
t h e  CHC13 i n  t h e  e f f l u e n t  began t o  d e c l i n e  a p p r e c i a b l y .  
A measurement  o f  an  e f f l u e n t  c o n c e n t r a t i o n  g r e a t e r  
t h a n  t h e  i n f l u e n t  c o n c e n t r a t i o n  is n o t  n e c e s s a r i l y  a s i g n a l  
t h a t  d i s p l a c e m e n t  f r om c o m p e t i t i o n  i s  t a k i n g  p l a c e .  R a t h e r ,  a  
d r o p  i n  t h e  i n f l u e n t  c o n c e n t r a t i o n  may b e  r e s p o n s i b l e .  The 
s i g n i f i c a n c e  o f  t h e  t w o  modes of d e s o r p t i o n  i n  a n  a c t u a l  
t r e a t m e n t  s i t u a t i o n  w i l l  b e  d e t e r m i n e d  i n  p a r t  by t h e  f r e -  
quency  a n d  a m p l i t u d e  o f  t h e  v a r i a t i o n s  i n  i n f l u e n t  c o n c e n t r a -  
t i o n s ,  t h e  d e g r e e  o f  c o m p e t i t i o n  and t h e  i n f l u e n c e  o f  mass  
t r a n s f e r  r e s i s t a n c e .  
Eff luent  Concentrat ion, C, /C,, 
8.  SUMMARY AND CONCLUSIONS 
(1) F o r  t h e  s o l u t e s  s t u d i e d  ( 3 , 5 - d i m e t h y l p h e n o l ,  3 , 5 - d i c h l o -  
r o p h e n o l  and  rhodamine  6 G ) ,  t i l e  S y n t h a n e  c o a l  g a s i f i -  
c a t i o n  c h a r  was f o u n d  t o  b e  i n f e r i o r  t o  t h e  a c t i v a t e d  
c a r b o n s  b e c a u s e  o f  l o w  c a p a c i t y .  
( 2 )  S u r f a c e  a r e a  (BET-n i t rogen)  was a b e t t e r  i n d i c a t o r  o f  
c a p a c i t y  t h a n  p o r e  s i z e  d i s t r i b u t i o n  f o r  t h e  s o l u t e s  
and  a d s o r b e n t s  examined .  
( 3 )  The p r e t r e a t m e n t  of  t h e  80317 c a r b o n  w i t h  a q u e o u s  f r e e  
c h l o r i n e  ( 0 . 3 9  a s  c 1 2 / g  c a r b o n )  a d v e r s e l y  a f f e c t e d  t h e  
a d s o r p t i v e  p e r f o r m a n c e  o f  t h e  c a r b o n .  The c h l o r i n e  p r e -  
t r e a t m e n t  r e d u c e d  t h e  c a p a c i t y  and  l o w e r e d  t h e  s u r f a c e  
d i f f u s i v i t y  a n d  f i l m  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  d i -  
m e t h y l p h e n o l .  
( 4 )  The f i x e d - b e d  model  o f  a d s o r p t i o n  k i n e t i c s ,  s o l v e d  w i t h  
t h e  t e c h n i q u e  o f  o r t h o g o n a l  c o l l o c a t i o n ,  was v e r i f i e d  
a g a i n s t  s i n g l e  s o l u t e  and  b i s o l u t e  e x p e r i m e n t a l  d a t a .  
I t  was a b l e  t o  p r e d i c t  w e l l  n o t  o n l y  a d s o r p t i o n  b u t  a l s o  
d e s o r p t i o n  r e s u l t i n g  f rom a  s t e p  c h a n g e  i n  i n f l u e n t  con-  
c e n t r a t i o n .  
( 5 )  Because  t h e  m o d e l ,  which  assumed a d s o r p t i o n  t o  b e  
r e v e r s i b l e ,  was a b l e  t o  d e s c r i b e  t h e  d e s o r p t i o n  e x p e r i -  
m e n t a l l y  o b s e r v e d ,  i r r e v e r s i b i l  i t y  and e q u i l i b r i u m  
h y s t e r e s i s  p r o b a b l y  were n o t  p r e s e n t  i n  t h e  s y s t e m s  
s t u d i e d .  
( 6 )  The f ixed-bed  model can  be  employed t o  compare t h e  
a d s o r p t i v e  a b i l i t i e s  o f  d i f f e r e n t  a d s o r b e n t s  and c a n  
b e  o f  a i d  i n  s e l e c t i n g  t h e  b e s t  a d s o r b e n t  f o r  a  
p a r t i c u l a r  a p p l i c a t i o n .  
( 7 )  From model s e n s i t i v i t y  a n a l y s e s  it was found t h a t  
c a p a c i t y  had a  g r e a t e r  i n f l u e n c e  t h a n  k i n e t i c s  (mass 
t r a n s f e r )  on t h e  b reak th rough  c u r v e s  f o r  t h e  s o l u t e s  
o f  t h i s  s t u d y .  K i n e t i c s ,  however, i s  i m p o r t a n t  i n  
d e t e r m i n i n g  b reak th rough  c u r v e  shape .  
(8) F o r  d e s o r p t i o n  from a  d e c r e a s e  i n  i n f l u e n t  c o n c e n t r a -  
t i o n ,  i t  was obse rved  from model s i m u l a t i o n s  t h a t  l ower  
i n i t i a l  e f f l u e n t  c o n c e n t r a t i o n s  r e s u l t e d  by  d e c r e a s i n g  
t h e  mass t r a n s f e r  c o e f f i c i e n t s ,  c a p a c i t y ,  i s o t h e r m  
s l o p e  and bed l e n g t h  and i n c r e a s i n g  t h e  f l o w  r a t e  and 
a d s o r b e n t  p a r t i c l e  s i z e .  
( 9 )  Through s i m u l a t i o n s  w i t h  t h e  b i s o l u t e  f i xed -bed  model,  
i t  was de t e rmined  t h a t  t h e  e f f e c t  o f  mass t r a n s f e r  
r e s i s t a n c e  was t o  r educe  t h e  ch roma tograph ic  o v e r s h o o t  
of  t h e  weakly adsorbed  s p e c i e s .  Any change i n  a n  
a d s o r p t i o n  sys t em t h a t  l e s s e n s  mass t r a n s f e r  r e s i s t a n c e  
l e a d s  t o  a  g r e a t e r  o v e r s h o o t .  
Under c o n d i t i o n s  app rox ima t ing  an a c t u a l  t r e a t m e n t  p l a n t ,  
t h e  t i m e  d u r i n g  which t h e  e f f l u e n t  c o n c e n t r a t i o n  of a  
d e s o r b i n g  s p e c i e s  i s  h i g h e r  t h a n  t h e  i n f l u e n t  concen- 
t r a t i o n  can  b e  s i g n i f i c a n t  ( u p  t o  s e v e r a l  weeks) whe the r  
a  r educed  i n f l u e n t  c o n c e n t r a t i o n  o r  c o m p e t i t i o n  i s  t h e  
c a u s e  o f  d e s o r p t i o n .  
9. AREAS OF FUTURE RESEARCH 
1. The b i s o l u t e  mixture  i n  t h i s  r e s e a r c h  c o n s i s t e d  
of  s p e c i e s  t h a t  were ve ry  s i m i l a r  i n  s i z e .  The model needs 
t o  be t e s t e d  f o r  mix tu res  c o n t a i n i n g  s p e c i e s  t h a t  a r e  g r e a t l y  
d i f f e r e n t  i n  s i z e .  
2 .  A thorough a n a l y s i s  o f  t h e  r e l a t i v e  importance o f  
e q u i l i b r i u m  c a p a c i t y  and mass t r a n s f e r  on t h e  breakthrough 
c u r v e  should  be performed. The c o n d i t i o n s  under  which mass 
t r a n s f e r  o r  c a p a c i t y  has  t h e  predominant i n f l u e n c e  should  
be e s t a b l i s h e d .  Dimensionless  groups such a s  t h e  Sherwood 
o r  S t a n t o n  number may be u s e f u l  i n  c h a r a c t e r i z i n g  t h e  
a d s o r b e r  c o n d i t i o n s .  
3 .  B i o l o g i c a l  a c t i v i t y  i n  carbon beds h a s  been 
modeled s u c c e s s f u l l y  (Ying and Weber, 1979) .  The impact 
t h a t  b i o l o g i c a l  a c t i v i t y  has  on compe t i t ion  and d e s o r p t i o n  
and on t h e  column response  t o  v a r i a b l e  i n f l u e n t  concent ra-  
t i o n s  s t i l l  needs t o  be e v a l u a t e d .  
4 .  l ahe  model could  be u t i l i z e d  i n  c o n j u n c t i o n  wi th  
p i l o t  p l a n t  work. Its u s e f u l n e s s  i n  p lann ing  p i l o t  r u n s ,  
i n t e r p r e t i n g  r e s u l t s ,  and h e l p i n g  t o  e s t i m a t e  t r e a t m e n t  
c o s t s  should  be judged. 
5.  A d d i t i o n a l  work i s  r e q u i r e d  t o  de te rmine  t h e  
manner i n  which aqueous c h l o r i n e  a l t e r s  t h e  f i l m  t r a n s f e r  
c h a r a c t e r i s t i c s  of  a c t i v a t e d  carbon.  
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